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ABSTRACT 

One  of  the  series  for  enlisted  Navy  and  Naval  Reserve 
personnel,  the  training  manual  prepares  students  for  advancement 
wirhin  their  rating,  aids  in  on-the-job  training,  or  serves  as  a 
review  source*  Charts,  graphs,  tables,  maps,  and  illustrations 
supplement  detailed  text  covering  atmospheric  physics  and  world 
climatology,  air  masses,  circulation,  and  frontal  systems.  Several 
chapters  focus  on  forecasting  upper  air  systems,  surface  systems, 
cloud  conditions,  precipitation,  temperature,  storms,  icing,  fog,  and 
so  forth.   Tropical  conditions  are  given  speical  treatment,  and 
several  chapters  deal  with  weather  briefing,  flight  forecasting,  sea 
surface  and  ocean  thermal  rtructure  forecasting,  and  other  special 
forecasts.  Three  chapters  examine  meteorological  equipment  and 
maintenance,  and  a  final  chapter  covers  administration,  training,  and 
communications.  (HDW) 
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PREFACE 


This  Rate  Training  Manual  is  one  of  a  series  of  training  manuals 
prepared  for  enlisted  personnel  of  the  N'avy  and  Naval  Reserve  who 
are  studying  for  advancement  in  the  Aerographer's  Mate  (AG)  rating. 
As  indicated  by  the  title,  the  manual  is  based  on  the  professional 
qualifications  for  the  rates  AGl  and  AGC,  as  set  forth  in  the  Manual 
of  Qualifications  for  Advancement,  NavPers  18068  (Series). 

Combined  with  the  necessaiy  practical  experience  and  a  thorough 
knowledge  of  the  material  contained  in  AG  3  &  2,  NavTra  10363-D, 
completion  of  the  correspondence  course  based  on  this  manual  will 
greatly  assist  the  AG2  and  AGl  in  preparing  for  advancement  exam- 
inations. This  training  manual  should  also  be  valuable  as  a  review 
source  for  the  AGC  who  is  studying  for  advancement  to  AGCS  and 
the  AGCS  who  is  studying  for  AGCM.  In  addition,  its  everyday  use  in 
on-the-job  training  is  highly  recommended. 

This  training  manual  was  prepared  by  the  Naval  Education  and 
Training  Program  Development  Center,  Pensacola,  Florida,  for  the 
Chief  of  Naval  Education  and  Training  Support.  Technical  review 
of  the  manuscript  was  provided  by  personnel  of  the  AG(B)  School, 
NATTC  Lakehurst,  N.J.  Technical  review  and  assistance  was  also 
provided  by  personnel  of  the  Naval  Weather  Service  Command. 
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THE  UNITED  STATES  NAVY 


GUARDIAN  OF  OUR  COUNTRY 

The  United  States  Navy  is  responsible  for  maintaining  control  of  the  sea 
and  is  a  ready  force  on  watch  at  home  and  overseas,  capable  of  strong 
action  to  preserve  the  peace  or  of  instant  offensive  action  to  win  in  war. 

It  is  upon  the  maintenance  of  this  control  that  our  country's  glorious 
future  depends;  the  United  States  Navy  exists  to  make  it  so. 

I. 

WE  SERVE  WITH  HONOR 

Tradition,  valor,  and  victory  are  the  Navy's  heritage  from  the  past.  To 
these  may  be  added  dedication,  discipline,  and  vigilance  as  the  watchwords 
of  the  present  and  the  future. 

At  home  or  on  distant  stations  we  serve  with  pride,  confident  in  the  respect 
of  our  country,  our  shipmates,  and  our  families. 

Our  responsibilities  sober  us;  our  adversities  strengthen  us. 

Service  to  God  and  Country  is  our  special  privilege.  We  serve  with  honor. 

THE  FUTURE  OF  THE  NAVY 

The  Navy  will  always  employ  new  weapons,  new  techniques,  and 
greater  power  to  protect  and  defend  the  United  States  on  the  sea,  under 
the  sea.  and  in  the  air. 

Now  and  in  the  future,  control  of  the  sea  gives  the  United  States  her 
greatest  advantage  for  the  maintenance  of  peace  and  for  victory  in  war. 

Mobility,  surprise,  dispersal,  and  offensive  power  are  the  keynotes  of 
the  new  Navy.  The  roots  of  the  Navy  he  in  a  strong  belief  in  the 
future,  in  continued  dedication  to  our  tasks,  and  in  reflection  on  our 
heritage  from  the  past. 

Never  have  our  opportunities  and  our  responsibilities  been  greater. 


ERLC 


CONTENTS 


Chapter  Page 

1.  Acrograplier's  Mate  rating    ' 

2.  World  climate  and  weather    ^ 

3.  Atniosi^hcric  physics   

4.  Almospheric  circulation   ,   ^2 

5.  Air  masses,  fronts,  and  cyclones    '  '7 

6.  Surface  weather  map  analysis    '71 

7.  Upper  air  analysis   212 

8.  Forecasting  upper  air  systems    261 

0.       Forecasting  surface  systems   278 

10.      Cloudiness,  precipitation,  and  temperature  forecasting    306 

1  1.  Forecasting  thunderstorms,  fog,  tornadoes,  icing, 

and  contrails    357 

12.  Tropical  analysis  and  forecasting   413 

13.  Weather  briefing  and  flight  forecasting    470 

14.  Sea  surface  forecasting    493 

15.  Ocean  thermal  structure  forecasting  and  ASWEPS    545 

16.  Special  observations  and  foreca,sts   553 

1 7.  Maintenance  of  meteorological  equipment    590 

1 8.  Maintenance  of  augmenting  meteorological 

oceanographic  equipment    604 

19.  Radio,sonde  and  rawinsonde  equipment  maintenance 

and  calibration    632 

20.  Administration,  training,  and  communications    643 


CREDIT  LIST 


Credit  is  given  to  the  following  sources  for  permission  to  use  copyright 
material  contained  as  indicated  in  the  chapters  of  this  manual. 

1.  American  Meteorological  Society,  Boston,  Mass.,  and  authors  Wayne 
Herring  and  Wayne  Mount  for  permission  to  use  the  technique  for  predicting 
30-hour  movement  of  northeastward  moving  cyclones  from  "Evaluation  of 
T.^chniques  for  Predicting  the  Displacement  of  Northeastward  Moving 
Cyclones,"  publishing  in  the  February  I960  issue  of  the  Bulletin  of  the 
American  Meteorological  Society.  This  information  appears  in  chapter  9, 
pages  286  through  288. 

2.  Academic  Press,  New  York,  N.Y.,  for  permission  to  use  information  on 
the  prediction  of  air  mass  thunderstorms,  prediction  of  intensity  of  possible 
turbulence  in  thunderstorms,  fronts,  and  Hne  squalls,  and  forecasting  surface 
gusts  from  thunderstorms  contained  in  chapter  II,  pages  361  and  365.  This 
information  is  based  on  material  from  ''Weather  Forecasting  for  Aero- 
nautics," J.  J.  George  and  associates.  Academic  Press,  New  York,  N.Y. 

3.  F.  Singleton  and  B.  G.  Wales-Smith,  British  Meteorological  Service,  and 
the  2nd  Weather  Wing,  Headquarters  USAF  for  permissioi  to  use  ''A  Cirrus 
Forecasting  Technique,"  from  "T!ie  Meteorological  Magazine,"  No.  1,053, 
Vol.  89,  April  I960  issue.  The  information  extracted  from  this  publication  is 
contained  on  pages  333  through  336  of  chapter  10. 

4.  F-urthcr  credit  is  given  to  Professor  W.  D.  Duthie  for  background  mate- 
rial for  chapters  5,  6,  and  7  from  "Notes  on  Analysis  of  Weather  Charts,"  by 
W.  D.  Duthie,  Department  of  Meteorology,  U.S.  Navy  Postgraduate  School, 
Monterey,  Calif. 


ERIC 


iv 

6 


CHAPTER  1 


AEROGRAPHER'S  MATE  RATING 


This  training  manual  is  designed  to  aid  the 
AG2  in  preparing  for  advancement  to  AG  I  and 
the  AG  I  in  preparing  fo  advancement  to  AGC. 
It  is  based  primarily  on  the  professional  require- 
ments cr  quahfications  for  AGl  and  AGC,  as 
specified  in  the  Manual  for  Qualifications  for 
Advancement,  NAVPERS  I8068-C 

In  preparing  for  the  advancement  examina- 
tion, this  manual  should  be  studied  in  conjunc- 
tion with  the  manual,  Mihtary  Requirements  for 
Petty  Officers  1  &C  NavTra  I0057-C 

The  intent  of  this  chapter  is  to  provide 
information  on  the  enlisted  rating  structure,  the 
AG  rating,  requirements  and  procedures  for 
advancement,  and  references  that  will  help  you 
in  performing  your  duties  as  an  Aerographer's 
Mate.  This  chapter  also  includes  information  on 
how  to  make  the  best  use  of  Rate  Training 
Manuals.  It  is  therefore  strongly  recommended 
that  you  study  this  chapter  carefully  before 
beginning  intensive  study  of  the  remainder  of 
the  manual. 

ENLISTED  RATING  STRUCTURE 

The  present  enlisted  rating  structure  includes 
two  types  of  ratings,  general  ratings  and  service 
ratings. 

GENERAL  RATINGS  are  designed  to  provide 
paths  of  advancement  and  career  development. 
A  general  rating  identifies  a  broad  occupational 
field  of  related  duties  and  functions  requiring 
similar  aptitudes  and  qualifications.  General 
ratings  provide  the  primary  means  used  to 
identify  billet  requirements  and  personnel  quali- 
fications. Some  general  ratings  include  service 
ratings;  others  do  not.  Both  Regular  Navy  and 
Naval  Reserve  personnel  may  hold  general  rat- 
ings. 


Subdivisions  of  certain  general  ratings  are 
identified  as  SERVICE  RATINGS.  These  service 
ratings  identify  areas  of  specialization  within  the 
scope  of  a  general  rating.  Service  ratings  are 
established  in  those  general  ratings  in  which 
specialization  is  essential  for  efficient  utilization 
of  personnel.  Although  service  ratings  can  exist 
at  any  petty  officer  level,  they  are  most  com- 
mon at  the  P03  and  P02  levels.  Both  Regular 
Navy  and  Naval  Reserve  personnel  may  hold 
service  ratings 

AEROGRAPHER'S  MATE  RATING 

The  Aerographer's  Mate  rating  is  divided  into 
six  rates  or  pay  grades.  It  consists  of  just  one 
rating-the  general  rating.  The  general  rate  is  the 
pay  grade  level  within  the  general  rating.  There 
is  no  service  rating  provided  for  Aerographer's 
Mates. 

Figure  1-1  illustrates  all  paths  of  advancement 
for  an  Airman  Recruit  (AR)  to  Master  Chief 
Aerographer's  Mate  (AGCM),  or  to  Limited 
Duty  Officer  (LDO).  Shaded  areas  indicate 
career  stages  where  qualified  enlisted  men  may 
advance  to  Warrant  Officer  (W-1),  and  selected 
Warrant  Officers  may  advance  to  Limited  Duty 
Officer. 

Through  the  AG2  level,  Aerographer's  Mates 
are  generally  utilized  in  a  variety  of  billets  but 
are  for  the  most  part  considered  to  be  observer 
or  plotters.  With  the  advancement  to  the  AGl 
level  their  duties  will  change  to  the  extent  that 
they  will  act  in  the  capacity  of  section  leaders  or 
assistants  to  the  forecaster.  It  is  also  at  this  level 
that  personnel,  under  supervision,  will  produce 
extended  forecasts  and  other  related  products. 

With  advancement  to  AGC,  personnel  are 
expected  to  be  proficient  forecasters,  a  job  they 


ERLC 


1 

7 


AEROGRAPIIER'S  MATFE  I  &  C 


A6CM 
E-9 


AG2 
E-5 


AG  3 
E-4 


AIRMAN 
E-  3 


AIRMAN 
APPRENTICE 

e-2 


AIRMAN 
RECRUIT 


AG.1 


Figure  1-1.-Paths  of  advancement. 


will  continue  to  perform.  They  will  also  gain 
increased  responsibility  in  the  supervising  of  a 
larger  number  of  personnel,  or  as  m  the  case 
aboard  ship  be  the  division  chief  petty  officer. 

BILLET  ASSIGNMENT 

A  wide  variety  of  assignments,  in  addition  to 
the  normal  shore  and  sea  duty  billets,  becomes 
available  at  the  AGl  and  AGC  level. 


It  should  be  pointed  out  that  the  successful 
completion  of  Aerographer's  Mate.  Class  B 
school  is  a  requirement  for  advancement  to  AGC 
and  for  authorization  to  be  a  meteorological/ 
oceanographic  forecaster.  Forecaster  qualifica- 
tions are  covered  in  Naval  Weather  Service 
Command  Instruction  3140.5. 

The  AG  School  located  at  the  Naval  Air 
Technical  Training  Center.  Lakehurst,  N.J.  has  a 
large  number  of  instructor  billets  at  both  the 
AG  1  and  AGC  levels.  Instructor  billets  are  in  the 
"A",  ''B",  and  schools.  Billets  for  support 
personnel  such  as  in  the  testing  unit  are  also 
available.  Instructor  billets  are  normally  assigned 
on  a  voluntary  basis  and  may  be  requested  by 
qualified  personnel  via  normal  procedures. 

A  small  number  of  AGC's  may  be  assigned  as 
Chief  Petty  Officer-in-Charge  (CPO-IN-C)  at 
smaller  NWSED's. 

Interesting  and  rewarding  billets  for  personnel 
are  found  at  the  National  Climatic  Center, 
Asheville,  N.C.;  as  aerial  ice  observers;  and  in  a 
number  of  independent  duty  assignments  on 
various  staffs,  ships,  or  stations. 

It  is  impossible  to  list  all  the  variety  of  duties 
that  AGTs  and  AGC's  can  expect  or  have  the 
opportunity  of  filling.  It  is  anticipated,  however, 
that  with  the  intended  shift  to  an  all  volunteer 
service  increased  authority  and  responsibility 
will  be  placed  on  senior  enlisted  personnel.  It 
will  become  necessary  to  place  even  more 
emphasis  on  the  selection  of  highly  qualified 
personnel  for  advancement,  and  billet  assign- 
ment. 

The  Aerographefs  Mate  detailer,  assigned  to 
the  Bureau  of  Naval  Personnel,  through  the  use 
of  official  newsletters,  notices,  personal  contact, 
and  the  command  master  chief  petty  officer, 
strives  to  keep  personnel  informed  of  changes 
that  are  anticipated  (or  that  occur  un- 
expectedly), which  will  have  an  effect  on  per- 
sonnel assignment.  In  order  for  your  duty 
preference  to  be  known  to  your  detailer,  it  is 
essential  that  your  Enlisted  Duty  Preference 
form  (NavPers  1306/63)  be  properly  filled  out, 
coded  and  submitted.  In  this  manner  personal 
considerations  may  be  made  by  the  detailer  in 
filling  the  various  billets  available  with  qualified 
personnel. 
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NAVY  ENLISTED  CLASSIFICATION 

The  Navy  Enlisted  Clasbification  (NEC)  codes 
are  utilized  to  a  small  extent  within  the  Aerogra- 
pher  s  Mate  rating. 

The  NEC  7414  is  used  to  indicate  the  holder 
has  completed  the  course  of  instruction  of  the 
Rawin/Radiosonde  Set  Operators  School,  Class 
C.  This  NEC  can  also  be  obtained  through 
on-the-job  training. 

The  most  important  NEC  at  the  AG2  and 
AGl  level  is  7412,  which  indicates  the  holder  is 
a  graduate  of  Aerographer's  Mate  Class  B  school. 
Holders  of  this  code  can  be  qualified  as  meteoro- 
logical/oceanographic  forecasters  within  their 
commands. 

Navy  Enlisted  Classification  codes  are  also 
used  to  assign  personnel  to  billets  that  require 
the  special  skills  they  have  obtained. 

RESPONSIBILITY 

At  the  AGl  and  AGC  level  personnel  become 
acutely  aware  of  the  importance  !hat  weather 
plays  in  naval  operations.  It  will  be  necessary  to 
provide  or  assist  in  providing  climatologica! 
statistics  to  personnel  or  staffs  tasked  with 
preparing  operational  plans  and  orders.  As  time 
for  the  commencement  of  operations  draws 
near,  the  actual  forecasts  of  expected  conditions 
will  be  heavily  relied  upon  for  dictating  the 
manner  in  which  the  operations  will  be  con- 
ducted. 

It  is  at  this  level,  AGl  and  AGC,  that 
individuals  begin  to  feel  how  responsible  a 
position  they  have.  They  now  have  a  more 
complete  viewing  of  the  overall  picture.  More 
complex  questions  than ''What's  the  temperature 
out?''  are  directed  toward  them.  They  are 
accepted  as  the  experts  in  their  field. 

LEADERSHIP 

Since  you  have  been  a  petty  officer  for  some 
time,  you  realize  that  more  leadership  is  re- 
quired of  the  higher  lates.  Not  only  are  you 
required  to  have  superior  knowledge,  but  you 
are  also  required  to  have  the  ability  to  handle 
personnel.  This  ability  increases  in  importance  as 
you  advance  through  the  various  rates  as  a  petty 
officer. 


In  General  Order  No.  21,  the  Secretary  of  the 
Navy  outlined  some  of  the  most  important 
.aspects  of  naval  leadership.  Naval  leadership 
means  the  art  of  accomplishing  the  Navy's 
mission  through  people.  It  is  the  sum  of  those 
qualities  of  intellect,  of  human  understanding, 
and  of  moral  character  that  enable  a  man  to 
inspire  and  to  manage  a  group  of  people 
successfully.  Effective  leadersliip,  therefore,  is 
based  on  personal  example,  good  management 
practices,  and  moral  responsibility.  The  term 
leadership  includes  all  three  of  these  elements. 

The  current  Navy  Leadership  Program  is 
designed  to  keep  the  spirit  of  General  Order  No. 
21  ever  before  you.  If  the  threefold  objective  is 
carried  out  effectively  in  every  command,  the 
program  will  make  of  you  a  better  leader  of  men 
in  your  present  billet  and  in  your  future 
assignments.  As  you  advance  up  the  leadership 
ladder,  more  and  more  your  worth  to  the  Navy 
will  be  judged  on  the  basis  of  the  amount  of 
efficient  work  you  obtain  from  your  subordi- 
nates rather  than  how  much  of  the  actual  work 
you  do  yourself. 

For  information  on  the  practical  application 
of  leadership  and  supervision,  study  Military 
Requirements  for  Petty  Officer  1  &  C,  NavTra 
10057-C 

As  you  study  this  material  containing  leader- 
ship traits,  keep  in  mind  that  probably  none  of 
our  most  successful  leaders  possessed  all  of  these 
traits  to  a  maximum  degree,  but  a  weakness  in 
some  traits  was  more  than  compensated  for  by 
strength  in  others.  Critical  self-evaluation  will 
enable  you  to  realize  the  traits  in  which  you  are 
strong,  and  to  capitalize  on  them.  At  the  same 
time  you  must  constantly  strive  to  improve  on 
the  traits  in  which  you  are  weak. 

Your  success  as  a  leader  will  be  decided,  for 
the  most  part,  by  your  achievements  in  inspiring 
others  to  learn  and  perform.  This  is  best 
accomplished  by  personal  example. 

ADVANCEMENT 

By  this  time,  you  are  probably  well  aware  of 
the  personal  advantages  of  advancement-higher 
pay,  greater  prestige,  more  interesting  and  chal- 
lenging work,  and  the  satisfaction  of  getting 
ahead  in  your  chosen  career.  By  this  time,  also, 
you  have  probably  discovered  that  one  of  the 
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most  enduring  rewards  of  advancenienl  is  the 
training  you  acquire  in  the  process  of  preparing 
for  advancement. 

The  Navy  also  profits  by  your  advancement. 
Highly  trained  personnel  are  essential  to  the 
functioning  of  the  Navy.  By  advancement,  you 
increase  your  value  to  the  Hiwy  in  two  ways: 
First,  you  become  more  valuable  as  a  person 
who  can  supervise,  lead,  and  train  others  and 
second  you  become  more  valuable  as  a  technical 
specialist  and  thus  make  far-reaching  contribu- 
tions to  the  entire  Navy. 

Since  you  are  studying  for  advancement  to 
POl  or  CPO,  you  are  probably  already  familiar 
with  the  requirements  and  procedures  for  ad- 
vancement, flowever,  you  may  find  it  helpful  to 
read  the  following  sections.  The  Navy  does  not 
stand  still.  Things  change  all  the  time,  and  it  is 
possible  that  some  of  the  requirements  have 
changed  since  the  last  time  you  went  up  for 
advancement.  Furthermore,  you  will  be  respon- 
sible for  training  others  for  advancement,  there- 
fore, you  will  need  to  know  the  requirements  in 
some  detail. 

HOW  TO  QUALIFY 
FOR  ADVANCEMENT 

To  qualify  for  advancement,  a  person  must. 

1.  Have  a  certain  amount  of  time  in  grade. 

2.  Complete  the  required  military  and  profes- 
sional training  manuals. 

3.  Demonstrate  the  ability  to  perform  all  the 
PRACTICAL  requirements  for  advancement  by 
completing  applicable  portions  of  the  Record  of 
Practical  Factors,  NavEdTra  Ull '1  AG. 

4.  Be  recommended  by  his  commanding 
officer. 

5.  Demonstrate  his  KNOWLEDGE  by  passing 
a  written  examination  on  (a)  military  require- 
ments, and  (b)  professional  qualifications. 

Remember  that  the  requirements  for  advance- 
ment  can  change.  Check  with  your  educational 
services  office  to  be  sure  that  you  know  the 
most  recent  requirements. 

When  you  are  training  lower  rated  personnel, 
it  is  a  good  idea  to  point  out  that  advancement 
is  not  automatic.  Meeting  all  the  requirements 
makes  a  person  ELIGIBLE  for  advancement,  but 


it  does  nol  guarantee  his  advancement.  Such 
factors  as  the  score  made  on  the  written 
examination,  length  of  time  in  service,  perform- 
ance marks,  ami  quotas  enter  into  the  final 
determination  of  who  will  actually  be  advanced, 

HOW  TO  PREPARE 
FOR  ADVANCEMENT 

Preparaiion  for  advancement  includes  study- 
ing the  qualifications,  working  on  the  practical 
factors,  studying  the  required  Rate  Training 
Manuals,  and  studying  any  other  material  that 
may  be  specified.  To  prepare  yourself  for 
advancement  or  to  help  others  prepare  for 
ad\an^.enient,  you  will  need  to  be  familiar  with 
fl)  the  "Quals"  Manual,  (2)  the  Record  of 
Practical  Pactors,  NavEdTra  14 14/1,  (3) a  NavEdTra 
publication  called  Bibliography  for  Advance- 
ment Scudy  NavEdTra  10052  (Series),  and  (4)  Rate 
Training  Manuals.  The  following  sections  de- 
scribe these  materials  and  give  some  information 
on  how  to  usi-  them  to  the  best  advantage. 

"Quals"  Manual 

The  Manual  of  Qualifications  for  Advance- 
ment, NavPers  18068  (Series),  gives  the  mini- 
mum requirements  for  advancement  to  each  rate 
wiMiin  each  rating.  This  manual  is  usually  called 
the  "Quals''  Manual,  and  the  qualifications 
themselves  are  often  called  **quals."  The  qualifi- 
cations are  of  two  general  types:  (1)  military 
requirements,  and  (2)  professional  or  technical 
qualifications.  Military  requirements  apply  to  all 
ratings  rather  than  to  any  one  rating  alone. 
Professional  qualifications  are  technical  or  pro- 
fessional requirements  that  are  directly  related 
to  the  work  of  each  rating. 

Both  the  military  requirements  and  the  pro- 
fessional qualifications  are  divided  into  subject 
matter  groups.  Then,  within  each  subject  matter 
group,  they  are  divided  into  PRACTICAL  FAC- 
TORS and  KNOWLEDGE  FACTORS. 

The  qualifications  for  advancement  and  a 
bibliography  of  study  materials  are  available  in 
your  educational  services  office.  The  '*Quals" 
Manual  is  changed  more  frequently  than  Rate 
Training  Manuals  are  revised.  By  the  time  you 
are  studying  this  training  manual,  the  *'quals" 
may  have  been  changed.  Never  trust  any  set  of 
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**qiials"  until  you  have  checked  the  change 
number  against  an  UP-TO-DATli  copy  of  the 
**Quals"  Manual. 

In  trainnig  others  for  advancement,  emphasize 
these  three  points  about  the  *'quals*': 

1.  The  "quals"  are  the  MINIMUM  require- 
ments for  advancement.  Personnel  who  study 
MORE  than  the  required  minimum  will  have  a 
great  advantage  when  they  take  the  written 
examinations  for  advancement. 

2.  Each  **quar'  has  a  designated  rate  level - 
chief,  firs^  class,  second  class,  or  third  class.  You 
are  resporsible  for  meeting  all  ^^quals''  specitled 
for  the  riUe  level  to  which  you  arc  seeking 
advancement  AND  all  **quals"  specified  for 
lower  rate  levels. 

3.  The  written  examinations  lor  advancement 
will  contain  questions  relating  to  the  practical 
factors  AND  to  the  knowledge  factors  of  BOTH 
the  military  requirements  and  the  professional 
qualifications. 

Record  of  Practical  Factors 

A  special  tbrm  known  as  the  Record  of 
Practical  Factors,  NavEdTra  1414/1,  is  used  to 
record  the  siitisfactory  performance  of  the  prac- 
tical factors.  This  form  lists  all  military  and  all 
professional  practical  factors.  Whenever  a  person 
demonstrates  his  ability  to  perform  a  practical 
factor,  appropriate  entries  must  be  made  in  the 
DATE  and  INITIAL  columns.  As  a  PO 1  or  CPO, 
you  will  often  be  required  to  check  the  practical 
factor  performance  of  lower  rated  personnel  and 
to  report  the  result.s  to  your  supervising  ofllcer. 

As  changes  are  made  periodically  to  the 
"Quals"  ManuaK  new  forms  of  NavEdTra  14 M/1 
are  provided  when  necessary.  Extra  space  is 
allowed  on  the  Record  of  Practical  Factors  for 
entering  additional  practical  factors  as  they  are 
publisher'  in  changes  to  the  *'Quals"  Manual. 
The  Record  of  Practical  Factors  also  provides 
space  for  recording  demonstrated  proficiency  in 
skills  which  are  within  the  general  scope  of  the 
rate  but  which  are  not  identified  as  minimum 
qualifications  for  advancement.  Keep  this  in 
mind  when  you  are  training  and  supervising 
other  personnel.  Jf  a  person  demonstrates  pro- 
ficiency in  some  skill  which  is  not  listed  in  the 
*'quals"  but  which  is  within  the  general  scope  of 


the  late,  report  this  fact  to  the  supervising 
officer  so  that  an  appropriate  entry  can  be  made 
in  the  Record  of  Practical  Factors. 

When  you  are  transferred,  the  Record  of 
Practical  Factors  should  be  forwarded  with  your 
service  record  to  your  next  duty  station.  It  is  a 
good  idea  to  check  and  be  sure  that  this  form  is 
actually  inserted  in  your  service  record  before 
you  are  transferred.  If  the  form  is  not  in  your 
record,  you  may  be  required  to  start  all  over 
again  and  requalify  in  practical  factors  that  have 
already  been  checked  off.  You  should  also  take 
some  responsibility  for  helping  lower  rated 
personnel  keep  track  of  their  practical  factors 
records  when  they  are  transferred, 

NavEdTra  10052 

Bibliography  for  Advancement  Study,  NavEdTra 
10052  (Series)  is  a  very  important  publication 
for  anyone  preparing  for  advancement.  This 
publication  lists  required  and  recommended 
Rate  Training  Manuals  and  other  reference 
material  to  be  used  by  personnel  working  for 
ad\'ancement.  NavEdTm  10052  (Series)  is  revised 
and  issued  once  each  year  by  the  Chief  of  Naval 
Education  and  Training  Support.  Each  revised 
edition  is  identified  by  a  letter  following  the 
NavEdTra  number.  When  using  this  publication, 
be  SURE  you  have  the  most  recent  edition. 

The  required  and  recommended  references  are 
listedbyratelevel  in  NavEdTra  10052  (Series),  It 
is  important  to  remember  that  you  are  respon- 
sible for  all  references  at  lower  rate  levels,  as 
well  as  those  listed  for  the  rate  to  which  you  are 
seeking  advancement. 

Rate  Training  Manuals  that  are  marked  with 
an  asterisk  (*)  in  NavEdTra  10052  (Series)  are 
MANDATORY  at  the  indicated  rate  levels.  A 
manda.  y  training  manual  may  be  completed 
by  (1)  passing  the  appropriate  Non-Resident 
Career  Course  that  is  based  on  the  mandatory 
training  manual;  (2)  passing  locally  prepared 
tests  based  on  the  information  given  in  the 
mandatory  training  manual;  or  (3)  in  some  cases, 
successfully  completing  an  appropriate  Navy 
school. 

When  training  personnel  for  advancement,  do 
not  overlook  the  section  of  NavEdTra  10052 
(Series)  which  lists  the  required  and  recom- 
mended references  relating  to  the  military  re- 
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quirenients  for  advanccMiicMit.  All  personnel  must 
complete  the  mandatory  military  requirements 
training  manual  for  the  appropriate  rate  level 
before  they  can  be  eligible  to  advance.  Also, 
make  sure  that  personnel  working  for  advance- 
ment study  the  references  which  are  listed  as 
recommended  but  not  'nandacory  in  NavEdTra 
10052  (Series)  may  be  used  as  source  material 
for  the  written  examinationr.,  at  the  appropriate 
levels. 

Rate  Training  Manuals 

There  are  two  general  types  of  Rate  T  aining 
Manuals.  Manuals  (such  as  this  one)  are  prepared 
for  most  enlisted  rates  and  ratings,  giving  infor- 
mation that  is  directly  related  to  the  profes- 
sional qualifications  for  advancement.  Basic 
manuals  give  information  that  applies  to  more 
than  one  rate  and  rating. 

Rate  Training  Manuals  are  revised  from  time 
to  time  to  bring  them  up  to  date.  The  revision  of 
a  Rate  Trair'ng  Manual  is  identified  by  a  letter 
following  the  NavEdTra  number.  You  can  tell 
whether  a  Rate  Training  Manual  is  the  latest 
edition  by  checking  the  NavEdTra  number  (and  the 
letter  following  the  number)  in  the  most  recent 
edition  of  List  of  Training  Manuals  and  Corres- 
poridence  Courses,  NavEdTra  I006I  (Series). 

Rate  Training  Manuals  are  designed  for  the 
special  purpose  of  helping  naval  personnel  pre- 
pare for  advancement.  By  this  time,  you  have 
probably  developed  your  own  way  of  studying 
these  manuals.  Some  of  the  personnel  you  train, 
however,  may  need  guidance  in  the  use  of  Rate 
Training  Manuals.  Although  there  is  no  single 
"best"  way  to  study  a  training  manual,  the 
following  suggestions  have  proved  useful  for 
many  people. 

1.  Study  the  military  requirements  and  the 
professional  qualifications  for  your  rate  before 
you  study  the  training  manual,  and  refer  to  the 
**quals"  frequently  as  you  study.  Remember, 
you  are  studying  the  training  manual  primarily 
to  meet  these  "quals." 

2.  Before  you  begin  to  study  any  part  of  the 
training  manual  intensively,  get  acquainted  with 
the  entire  manual.  Read  the  preface  and  the 
table  of  contents.  Check  through  the  index. 
Thumb  through  the  manual  without  any  particu- 
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lar  plan,  iooking  at  the  illustrations  and  reading 
bits  here  and  there  as  you  see  things  that  interest 
you. 

3.  Look  at  the  training  manual  in  more 
detaif,  to  see  how  it  is  organi7.ed>  Look  at  the 
table  of  contents  again.  Then,  chapter  by  chap- 
ter, read  the  introduction,  the  headings,  and  the 
subheadings.  This  will  give  you  a  pretty  clear 
picture  of  the  scope  and  content  of  the  nianuak 

4.  When  you  have  a  general  idea  of  what  is  in 
the  training  manual  and  how  it  is  organized,  fill 
in  the  details  by  intensive  study.  In  each  stlidy 
period,  try  to  cover  a  complete  unit--it  may  be  a 
chapter,  a  section  of  a  chapter,  or  a  subsection. 
The  amount  of  material  you  can  cover  at  one 
time  will  vary.  If  you  know  the  subject  well,  or 
if  the  material  is  easy,  you  can  cover  quite  a'lot 
at  one  time.  Difficult  or  unfamiliar  material  will 
require  more  study  time. 

5.  In  studying  each  unit,  write  down  ques- 
tions as  they  occur  to  you.  Many  people  find  it 
helpful  to  make  a  written  outline  of  the  unit  as 
they  study,  or  at  least  to  write  down  the  most 
important  ideas. 

6.  As  you  study,  relate  the  information  in  the 
training  manual  to  the  knowledge  you  already 
have.  When  you  read  about  a  process,  a  skill,  or 
a  situation,  ask  yourself  some  questions.  Does 
this  information  tie  in  "with  past  experience?  Or 
is  this  something  new  and  ditTerent?  How  does 
this  information  relate  to  the  qualifications  for 
advancement? 

7.  \yhen  you  have  finished  studying  a  unit, 
take  time  out  to  see  what  you  have  learned! 
Look  back  over  your  notes  and  questions. 
Without  looking  at  the  traming  manual,  write 
down  the  main  ideas  you  have  learned  from 
studying  this  unit.  Do  not  just  quote  the  book. 
If  you  cannot  give  these  ideas  in  your  own 
words,  the  chances  are  tha  ou  have  not  really 
mastered  the  information. 

8.  Use  Non-Resident  Career  Courses  when- 
ever you  can.  The  non-resident  career  courses 
are  based  on  the  Rate  Training  Manuals  or  other 
appropriate  texts.  As  mentioned  before,  com- 
pletion of  a  mandato)^  Rate  Training  Manual 
can  be  accomplished  by  passing  a  Non-Resident 
Career  Course  based  on  the  tiaining  manual. 
You  will  probably  find  it  helpful  to  take  other 
non-resident  career  courses,  as  well  as  those 
based  on  mandatory  training  manuals.  Taking  a 
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non-resident  career  course  helps  you  master  the 
information  given  in  the  trainhig  manual,  and 
also  gives  you  an  idea  of  how  much  you  have 
learned. 


SOURCES  OF  INFORMATION 

As  a  POl  or  CPO,  you  must  have  an  extensive 
knowledge  of  the  references  to  consult  for 
accurate,  authoritative,  up-to-date  information 
on  all  subjects  related  to  the  military  and 
professional  requirements  for  advancement. 

Publications  mentioned  in  this  chapter  are 
subject  to  change  or  revision  from  time  to 
time-some  at  regular  intervals,  others  as  the 
need  arises.  When  using  any  publication  that  is 


subject  to  revision,  make  sure  that  you  have  the 
latest  edition.  When  using  any  publication  that  is 
kept  current  by  means  of  changes,  be  sure  you 
have  a  copy  in  which  all  official  changes  have 
been  made. 

A  list  of  training  manuals  and  publications 
that  will  be  helpful  as  references  and  for 
additional  study  in  preparing  for  advancement  is 
included  in  the  reading  list  at  the  beginning  of 
this  text.  Additional  training  manuals  that  are 
applicable  are  available  through  your  educa- 
tional services  officer. 

In  addition  to  training  manuals  and  publica- 
tions, training  films  furnish  a  valuable  source  of 
supplementary  information.  Films  that  may  be 
helpful  are  listed  in  the  U.S.  Navy  Film  Catalog, 
NavAir  10-1-777. 
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When  a  forecaster  limits  himself  to  shortrange 
considerations  of  the  weather  he  is  at  the  same 
time  limiting  his  forecast.  He  must  not  only 
consider  the  present  synoptic  indications,  but 
must  carefully  study  the  large-scale  climatic 
features  and  seasonal  climatic  changes  as  well. 
The  relationships  between  the  current  meteoro- 
logical structure  and  the  climatic  background  of 
the  area  are  of  great  importance  to  the  critical 
forecaster. 

This  chapter  will  give  you  an  introduction  to 
climate,  and  the  elements  which  are  used  to 
assemble  the  data  obtained  and  to  classify  this 
data  into  climatic  zones  and  types.  Many  other 
excellent  texts  and  references  are  available  for  a 
further  study  of  the  characteristics  of  climates 
and  their  importance  in  weather  forecasting. 

CLIMATE  AND  CLIMATOLOGY 
CLIMATE 

Climate  is  defined  as  the  average  or  collective 
state  of  the  earth's  atmosphere  at  any  given 
location  or  area  within  a  specified  period  of 
time.  We  think  of  weather  as  the  day-to-day 
changes  in  the  atmosphere.  On  the  other  hand, 
the  climate  of  an  area  is  determined  over  periods 
of  many  years  and  represents  the  general 
weather  characteristics  of  an  area  or  locality. 

CLIMATOLOGY 

Climatology  is  the  scientific  study  of  climate. 
It  is  a  branch  of  meteorology,  or  simply  the 
study  of  the  atmosphere.  There  are  three  princi- 
pal approaches  to  the  study  of  climatology. 
They  are  physical,  descriptive,  and  dynamic. 


Physical  Climatology 

This  approach  to  climatology  seeks  to  explain 
the  causes  of  the  differences  in  climate  in  the 
light  of  the  physical  processes  influencing  cli- 
mate, and  the  processes  producing  the  various 
kinds  of  physical  climates  such  as  marine,  deserts, 
mountain,  etc. 

Descriptive  Climatology 

Descriptive  climatology  typically  orients  itself 
in  terms  of  geographic  regions  and  is  also 
referred  to  as  regional  climatology.  A  de- 
scription of  the  various  types  of  climates  is  made 
on  the  basis  of  analyzed  statistics  from  a 
particular  area.  A  further  attempt  is  made  to 
describe  the  interaction  of  weather  and  climatic 
elements  upon  the  people  and  the  areas  under 
consideration. 


Dynamic  Climatology 

This  study  of  climate  attempts  to  relate 
characteristics  of  the  general  circulation  of  the 
atmosphere  to  climate. 


Climatology  as  Related 
to  Other  Sciences 

One  of  three  prefixes  is  often  added  to  the 
word  "climatology''  to  denote  a  scale  or  magni- 
tude. Micro,  meso,  and  macro  indicate  small, 
medium,  and  large  scales,  respectively. 

Microclimatological  studies  often  measure 
contrasts  between  hilltop  and  valley,  city  and 
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surrounding  country,  or  they  may  be  of  an 
extremely  small  scale-one  side  of  a  hedge 
contrasted  with  the  other,  a  plowed  furrow 
versus  level  soil,  or  opposite  leaf  surfaces. 
Climate  in  the  microscale  may  be  effectively 
modified  by  relatively  simple  human  efforts. 

Macroclimatology  is  the  study  of  the  large- 
scale  climate  of  a  large  area  or  country.  Climate 
of  this  type  is  not  so  easily  modified  by  small 
human  efforts. 

Mesoclimatology  embraces  a  rather  indistinct 
middle  ground  between  macroclimatology  and 
microclimatology.  The  areas  are  smaller  than 
those  of  macroclimatology  and  larger  than  those 
of  microclimatology  and  may  or  may  not  be 
climatically  representative  of  a  general  region. 

These  terms  (micro,  meso,  and  macro)  are 
also  applied  to  meteorology. 

Climate  has  become  increasingly  important  in 
other  scientific  fields.  Geographers,  hydrologists, 
and  oceanographers  use  quantitative  measures  of 
climate  to  describe  or  analyze  the  influence  of 
our  atmospheric  environment.  Climate  classifica- 
tion has  developed  primarily  in  the  field  of 
geography.  The  basic  role  of  the  atmosphere  in 
the  "hydrologic  cycle"  is  an  essential  part  of  the 
study  of  hydrology.  Parallel  to  this,  both  air  and 
water  measurements  are  required  to  understand 
the  energy  exchange  between  air  and  ocean. 


CLIMATIC  ELEMENTS 

The  weather  elements  which  are  used  to 
describe  climate  are  discussed  in  the  following 
section.  A  further  discussion  of  the  effects  upon 
some  of  these  elements  are  covered  later  in  this 
chapter. 


TEMPERATURE 

This  element  is  undoubtedly  the  most  impor- 
tant of  all  the  climatic  elements.  The  tempera- 
ture of  an  area  or  locality  is  dependent  upon 
latitude,  or  the  distribution  of  incoming  and 
outgoing  radiation;  nature  of  the  surface  (land 
or  water);  altitude;  and  the  prevailing  winds.  The 
temperature  normally  used  in  climatology  is  the 
surface  temperature. 

O 
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HYDROMETEORS  (PRECIPITATION) 

This  is  the  second  most  important  climatic 
element.  In  most  studies,  this  includes  all  water 
reaching  the  earth's  surface  by  falling  either  in 
liquid  or  in  solid  state.  The  most  significant 
forms  are  rain,  snow,  and  haiL  Precipitation  has 
a  wide  range  of  variability  over  the  surface  of 
the  earth,  and  because  of  this  variability  a  longer 
series  of  observations  is  generally  required  to 
establish  a  mean  or  an  average.  Since  two 
stations  could  have  the  same  amount  of  annual 
precipil<ition,  but  it  could  occur  in  different 
months,  or  days  during  these  months,  and  the 
intensity  could  also  vary,  it  often  becomes 
necessary  to  include  such  factors  as  average 
number  of  days  with  precipitation,  average 
amount  per  day  and  other  factors. 

Further,  since  precipitation  amounts  are 
directly  associated  with  amount  and  type  of 
clouds,  cloud  cover  must  also  be  included  along 
with  a  precipitation  study.  Cloud  cover  is 
usually  expressed  in  tenths  of  sky  cover.  Precipi- 
tation is  expressed  in  most  studies  in  inches,  but 
centimeters  may  be  used  in  some  studies  which 
are  based  on  data  derived  from  the  metric 
system.  Cloud  climatology  also  includes  such 
phenomena  as  fog  and  thunderstorms. 


WIND 

Climatologists  are  mostly  interested  in  wind 
in  terms  of  wind  direction,  speed,  and  gustiness. 
Frequently  it  is  expressed  in  terms  of  ''pre- 
vailing" wind  direction,  average  speeds,  and 
maximum  gusts.  Some  climatological  studies  use 
"resultant"  wind  which  is  the  vectorial  average 
of  all  wind  directions  and  speeds  for  a  given 
level,  at  a  specific  place,  and  for  a  given  period. 
The  vectorial  average  is  obtained  by  dividing 
each  wind  observation  into  components,  making 
a  summation  for  a  given  period,  then  obtaining 
averages  and  converting  the  average  components 
into  a  single  vector. 

CONDENSATION 

This  climatic  element  includes  such  deposits 
as  dew,  frost,  and  rime  ice.  It  is  not  of  particular 
importance  in  most  general  studies  where  there 
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is  sufficient  rain  to  support  life.  In  some  areas, 
however,  it  can  be  important. 

EVAPORATION 

Although  this  climatic  element  does  not 
receive  the  attention  it  deserves,  it  can  be 
extremely  important  when  it  is  considered  in 
relation  to  the  formation  of  weather  phenomena 
over  water  bodies  or  oceanic  areas.  It  can  be  an 
important  factor  in  the  formation  of  fogs  over 
such  areas. 

EXPRESSION  OF  CLIMATIC  ELEMENTS 

As  an  Aerographer's  Mate,  you  must  under- 
stand climatological  terms  and  the  methods  used 
to  derive  these  terms,  in  order  for  the  climato- 
logical data  to  have  definite  meaning  to  you.  In 
this  section  the  most  commonly  used  terms  are 
defined,  and  where  applicable,  their  usage  in 
expressing  climatic  elements  is  explained. 

MEAN  OR  AVERAGE 

The  mean  is  the  most  commonly  used  clima- 
tological parameter.  The  term  ''mean"  normally 
refers  to  the  arithmetic  mean  which  is  obtained 
in  the  same  manner  as  the  average.  This  is  an 
average  obtained  by  adding  the  values  of  all 
factors  or  cases  and  then  dividing  by  the  number 
of  items.  For  example,  the  average  daily  temper- 
ature would  be  the  sum  of  the  hourly  tempera- 
tures divided  by  24.  The  mean,  as  computed  in 
this  manner,  is  generally  optimum  for  both  the 
expected  value  and  the  center  of  the  distribution 
for  temperature. 

Other  methods  are  used  for  computing  vari- 
ous meteorological  elements.  For  example,  the 
mean  temperature  for  the  day  has  been  derived 
by  simply  adding  the  maximum  and  minimum 
values  for  the  day  and  dividing  by  2.  Assume  the 
maximum  temperature  for  a  certain  day  is  IS'^F 
and  the  minimum  temperature  is  5TF\  the 
mean  temperature  for  the  day  is  66''F. 

Unfortunately  the  term  "mean"  has  been 
used  in  many  climatological  records  without 
clarification  as  to  how  it  was  computed.  In  most 
cases,  the  difference  in  results  obtained  is  slight. 
In  analyzing  weather  data,  the  terms  "average" 
and  "mean"  are  often  used  interchangeably. 
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NORMAL 

In  climatology,  the  term  **norinal"  is  applied 
to  the  average  value  which  in  the  course  of  a 
period  of  time  any  meteorological  element  is 
found  to  have  on  a  specified  date  or  during 
specified  times.  These  times  may  be  a  particular 
month  or  other  portion  of  the  year.  They  may 
refer  to  a  season  or  to  a  year  as  a  whole.  The 
normal  serves  as  a  standard  with  which  values 
occurring  on  a  date  or  during  a  specified  time 
may  be  compared. 

ABSOLUTE 

The  term  "absolute"  usually  is  applied  in 
climatology  to  the  extreme  highest  and  lowest 
values  for  any  given  meteorological  element 
which  has  been  recorded  at  the  place  of  observa- 
tion. Assume,  for  example,  that  the  extreme 
highest  temperature  ever  recorded  at  a  particular 
station  was  106°F  and  the  lowest  recorded  was 
-IS^'F.  These  are  called  the  absolute  maximum 
and  absolute  minimum,  respectively. 

EXTREMES 

The  term  "extreme"  is  applied  to  the  highest 
value  and  the  lowest  value  for  a  particular 
meteorological  element  which  have  occurred 
over  a  period  of  time.  The  term  is  usually 
applied  to  months,  seasons,  years,  or  a  number 
of  years.  The  term  may  be  used  for  a  calendar 
day  only,  for  which  it  is  particularly  applicable 
to  temperature.  For  example,  the  highest  and 
lowest  temperature  readings  for  a  particular  day 
are  considered  the  temperature  extremes  for 
that  day.  At  times  it  is  applied  to  the  average  of 
the  highest  and  lowest  temperatures  and  termed 
mean  monthly  extremes  and  mean  annual 
extremes. 

RANGE 

Range  is  the  difference  between  the  highest 
and  lowest  values  and  reflects  the  extreme 
variations  of  these  values.  This  statistic  is  not 
recommended  except  for  very  crude  work,  since 
it  has  a  high  variability.  The  range  is  related  to 
the  extreme  values  of  record  and  can  be  useful 
in  determining  the  extreme  range  for  the  records 
available. 
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FREQUENCY 

Frequency  is  defined  as  the  number  of  times  a 
certain  value  occurs  within  a  specified  period  of 
time.  When  a  large  number  of  variate  values  need 
to  be  presented,  a  condensed  presentation  of 
data  may  be  obtained  by  means  of  a  frequency 
distribution. 

MODE 

The  mode  is  defined  as  the  value  which  occurs 
with  the  greatest  frequency,  or  the  value  about 
which  the  most  cases  occur. 

The  mode  cannot  be  determined  readily  from 
unorganized  data;  therefore,  the  data  must  be 
grouped  in  a  frequency  distribution  before  its 
location  can  be  determined  accurately.  It  is  not 
always  well  defined  or  possible  to  locate  prop- 
erly. The  maximum  density  point  may  be  more 
than  one  point  so  that  the  point  determined  as 
the  mode  depends  upon  the  judgment  or  desire 
of  the  person  interpreting  and  using  the  mode. 

In  general,  the  mode  is  not  recommended  for 
climatology.  However,  it  can  be  useful  in  local 
climatological  studies  or  in  determining  the  most 
common  or  frequently  attained  value  for  a 
prediction  technique.  For  example,  in  the  objec- 
tive technique.  The  Prediction  of  Maritime 
Cyclones,  the  deepening  prediction  graph  for 
cyclones,  has  a  modal  value  as  well  as  a 
maximum  value. 

MEDIAN 

The  median  is  the  value  at  the  midpoint  in  an 
array.  For  determining  the  median  all  items  have 
to  be  arranged  in  order  of  size.  Rough  estimates 
of  the  median  may  be  obtained  by  taking  the 
middle  value  of  an  ordered  series  or  if  there  are 
two  middle  values,  they  may  be  averaged  to 
obtain  the  median.  The  position  of  the  median 
may  be  found  by  the  use  of  the  following 
formula: 

Median  =  "  ^ 

where  n  is  the  number  of  items. 

The  median  is  not  widely  used  in  climato- 
logical computations.  Some  writers  recommend 
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the  use  of  the  median  instead  of  the  mean  or 
average  for  some  of  the  chmatic  elements 
because  the  extremes  of  these  elements  are 
averaged  and  combine  in  some  cases  to  give  a 
wholly  unrepresentative  picture  of  distribution 
and  probability  of  that  particular  element.  How- 
ever, a  longer  period  of  record  might  be  required 
to  formulate  a  median. 

STANDARD  DEVIATIONS 

In  many  analyses  of  cHmatological  data,  it  is 
desirable  to  compute  deviation  of  all  items  from 
a  central  point.  This  may  be  obtained  from  a 
computation  of  either  the  mean  (or  average) 
deviation  or  the  standard  deviation.  These  are 
termed  measures  of  dispersion  and  are  used  to 
determine  whether  the  average  is  truly  represent- 
ative or  to  determme  the  extent  by  which  data 
vary  from  the  average. 

The  average  deviation  is  obtained  by  com- 
puting the  arithmetic  average  of  the  deviations 
from  an  average  of  the  data.  First,  we  obtain  an 
average  of  the  data,  then  the  deviations  of  the 
individual  items  from  this  average  are  deter- 
mined, and  finally  the  arithmetic  average  of 
these  deviations  is  computed.  The  plus  or  minus 
signs  are  disregraded.  The  formula  for  computa- 
tion of  the  average  deviation  is  as  follows: 

^   .  .  2d 
Average  Deviation  =  — 

the  Greek  letter  2  (sigma)  means  the  sum  of 
''d"  which  are  the  deviations  and  ''n"  is  the 
number  of  items. 

The  standard  deviation,  Hke  the  average  devi- 
ation, is  the  measure  of  the  scatter  or  spread  of 
all  values  in  a  series  of  observations.  To  obtain 
the  standard  deviation,  each  deviation  from  the 
arithmetic  average  of  the  data  is  squared.  Next 
determine  the  arithmetic  average  of  the  squared 
deviations,  finally  extracting  the  square  root  of 
this  average.  This  is  also  called  the  root  mean 
square  deviation,  in  that  it  is  the  square  root  of 
the  mean  of  the  deviations  squared. 

The  formula  for  computing  standard  devia- 
tion is  given  as  follows: 


Standard  Deviation  = 
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Sd^  is  the  sum  of  the  squared  deviations  from 
the  arithmetic  average,  and  '^n"  is  the  number  of 
items  in  the  group  of  data. 

An  example  of  the  computation  of  both  the 
average  deviation  and  the  standard  deviation  is 
given  in  table  2-1  and  in  the  following  para- 
graphs. 

Suppose,  on  the  basis  of  10  years  of  data 
(1954-1963),  for  the  month  of  January  we 
wished  to  compute  the  average  deviation  of 
mean  temperature  and  the  standard  deviation 
for  this  period.  First  arrange  the  data  in  tabular 
form  (such  as  in  table  2-1),  giving  the  year  in  the 
first  column,  the  mean  monthly  temperature  in 
the  second  column,  the  deviations  from  an 
arithmetic  average  of  the  mean  temperature  in 
the  third  column,  and  the  deviations  from  the 
mean  (column  3)  squared  in  column  4. 

Table  2-1.— Computation  of  average  and 
standard  deviation. 


January 
year 

Mean 
temperature 

Deviations 
from  mean 

Deviations 
squared 

1954 

47 

-4 

16 

1955 

51 

+0 

0 

1956 

53 

+2 

4 

1957 

50 

-1 

1 

1958 

49 

-2 

4 

1959 

55 

+4 

16 

1960 

46 

-5 

25 

1961 

52 

+  1 

1 

1962 

57 

+6 

36 

1963 

50 

-1 

1 

Totals 
Mean 

510 
5, 

26 
2.6 

104 
3.2 

The  average  deviation  of  temperature  during 
the  month  of  January  for  the  period  of  record, 
10  years,  is2.6''F. 

To  compute  the  standard  deviation: 

1.  Square  the  deviations  from  the  mean 
(column  3). 

2.  Total  these  squared  deviations.  In  this  case 
the  total  is  104. 

3.  Apply  the  formula  for  standard  deviation: 


Standard  Deviation  = 


yfiOA  =  3.225  or3.2''F 

Thus  the  standard  deviation  of  temperature 
for  the  month  and  period  in  question  is  3.2''F 
(rounded  off  to  the  nearest  one  tenth  degree). 

Naturally  a  question  arises.  Just  what  use  is 
this  and  how  can  I  apply  the  computations  made 
in  table  2-1  for  everyday  forecasting  purposes? 
With  the  standard  deviation  just  determined  it  is 
readily  apparent  that  the  implication  is  that 
there  is  a  smiill  range  of  mean  temperature 
during  this  month.  If  we  had  available  a  fre- 
quency distribution  of  temperature  for  this 
station  for  each  day  of  the  month,  we  could 
readily  determine  the  percentage  of  readings 
which  would  fall  in  the  6.4-degree  spread  (3.2 
either  side  of  the  mean).  From  these  data  we 
could  then  formulate  a  probability  forecast  or 
the  number  of  days  within  this  range  that  we 
could  expect  the  normal  or  mean  temperature  to 
occur.  This  study  could  further  be  broken  down 
into  hours  of  the  day,  etc. 


To  compute  the  average  deviation: 

1.  Add  all  the  temperatures  in  column  2  and 
divide  by  the  number  of  years  (10  in  this  case) 
to  get  the  arithmetic  average  of  temperature. 

2.  In  column  3,  compute  the  deviation  from 
.the  mean  or  average  determined  in  step  1.  (The 
mean  temperature  for  the  10-year  period  was 
Sl^F.) 

3.  Total  column  3  (disregarding  the  negative 
and  positive  signs).  This  total  is  26. 

4.  Apply  the  formula  for  Average  Deviation, 


2d 
n 


_26 
10 


=   2.6"  F 


CLASSIFICATION  OF  CLIMATE 

The  climate  of  a  given  region  or  locality  is 
determined  by  a  combination  of  several  meteor- 
ological elements,  and  not  just  one  element 
alone.  For  example,  two  regions  may  have 
similar  temperature  climates  but  very  different 
precipitation  climates.  Their  climatic  difference 
therefore  becomes  apparent  only  if  more  than 
one  climatic  factor  is  considered. 

Since  the  climate  of  a  region  is  composed  of 
all  the  averages  of  the  various  climatic  elements, 
such  as  dew,  ice,  rain,  temperature,  wind  force, 
and  wind  direction,  it  is  obvious  that  no  two 
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locations  have  exactly  the  bame  chmate.  How- 
ever, it  is  possible  to  place  similar  areas  into  a 
grouping  known  as  a  climatic  zone. 

CLIMATIC  ZONES 

The  basic  grouping  of  climatic  zones  consists 
of  classifying  climates  into  five  broad  belts  based 
on  astronomical  or  mathematical  grounds.  Actu- 
ally they  are  zones  of  sunshine,  or  solar  climate. 
The  five  basic  regions  or  zones  are  the  Torrid  or 
Tropical  Zone,  the  two  Temperate  Zones,  and 
the  two  Polai  Zones.  The  Tropical  Zone  is 
limited  on  the  north  by  the  Tropic  of  Cancer 
and  on  the  south  by  the  Tropic  of  Capricorn, 
which  are  located  at  23  1/2°  N  and  S  lat, 
respectively.  The  Temperate  Zone  of  the  North- 
ern Hemisphere  is  limited  on  the  south  by  the 
Tropic  of  Cancer  and  on  the  north  by  the  Arctic 
Circle,  which  is  located  at  66  1/2°  N  lat.  The 


Temperate  Zone  of  the  Southern  Hemishpere  is 
bounded  on  the  north  by  the  Tropic  of  Capri- 
corn and  on  the  sourth  by  the  Antarctic  Circle, 
which  is  located  at  66  1/2°  S  lat.  The  two  Polar 
Zones  are  the  areas  in  the  polar  regions  which 
have  the  Arctic  and  Antarctic  Circles  as  their 
boundaries.  The  Polar  Zones  are  sometimes 
called  the  Frigid  Zones. 

A  glance  at  any  chart  depicting  the  isotherms 
over  the  surface  of  the  earth  will  show  that  the 
isotherms  do  not  coincide  with  latitude  lines.  In 
fact,  at  some  places  the  isotherms  parallel  the 
longitude  lines  more  closely  than  they  parallel 
the  latitude  lines.  The  astronomical  or  light 
^ones  therefore  differ  from  the  zones  of  heat.  A 
closer  approach  to  the  understanding  of  climate 
can  be  made  if  the  climatic  zones  are  limited  by 
isotherms  rather  than  by  parallels  of  latitude. 
(See  fig.  2-1.) 


so    F  ISOTHERM 
(  Warmest  Month) 


iMEAN  ANNUAL 
ISOTHERM   OF  68°  F 


MEAN  ANNUAL 
ISOTHERM  OF  68^  F 


SO  F  ISOTHERM 
(  WarmesI  Monlh) 


180      160     140      iZO     lOO      eo       60      40       20       0        20      40       60       flO       mr>  i?0 
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Figure  2-1.-Temperature  zones. 
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CLIMATIC  TYPES 

Any  classification  of  climate  depends  to  a 
large  extent  on  the  purpose  of  the  classification. 
A  classification  for  the  purpose  of  establishing 
air  stations,  for  instance,  where  favorable  flying 
conditions  are  important,  would  differ  consider- 
ably from  one  for  establishing  the  limits  of  areas 
that  are  favorable  for  the  growing  of  crops. 
There  are  two  classifications  that  particularly 
merit  your  attention.  They  are  the  classifications 
of  Koeppen  and  Thonithwaite. 

In  Koeppen's  classification  there  are  five  main 
climatic  types.  They  are  TROPICAL  RAIN, 
DRY,  HUMID  MESOTHERMAL,  HUMID  MI- 
CROTHERMAL,  and  POLAR.  These  main  types 
are  further  divided  into  climatic  provinces.  The 
Koeppen  classification  is  based  mainly  on  tem- 
perature, precipitation  amount,  and  season  of 
maximum  precipitation.  Numerical  values  of 
these  elements  constitute  the  boundaries  of  the 
above  types  and  were  selected  primarily  accord- 
ing to  their  effect  on  plant  growth. 

Thomthwaite's  classification  of  climates 
places  a  great  deal  of  emphasjs  on  the  effective- 
ness of  precipitation.  Effectiveness  of  precipita- 
tion means  the  relationship  between  precipita- 
tion and  evaporation  at  a  certain  locality. 
Thornthwaite  classified  climates  into  five  cli- 
matic provinces,  which  are  WET,  HUMID,  SUB- 
HUMID.  SEMIARID,  and  ARID.  To  each  of  the 
provinces  is  given  a  precipitation  effectiveness 
rating. 

CLIMATIC  CONTROLS 

The  variation  of  climatic  elements  from  place 
to  place  and  from  season  to  season  is  caused  by 
several  factors  called  climatic  controls.  The  same 
basic  factors  that  cause  weather  in  the  atmos- 
phere also  determine  the  climate  of  an  area. 
These  controls,  acting  in  different  combinations 
and  with  varying  intensities  act  upon  tempera- 
ture, precipitation,  humidity,  air  pressure,  and 
winds  to  produce  many  types  of  weather  and 
therefore  climate. 

Four  factors  largely  determine  the  climate  of 
every  ocean  and  continental  region.  They  are  as 
follows: 

1.  Latitude. 

2.  Land  and  water  distribution. 


3.  Topography. 

4.  Ocean  currents. 

LATITUDE 

Perhaps  no  other  climatic  control  has  such  a 
marked  effect  upon  climatic  elements  as  does 
the  latitude,  or  the  position  of  the  earth  relative 
to  the  sun.  The  angle  at  which  rays  of  sunlight 
reach  the  earth  and  the  number  of  "sun"  hours 
each  day  depend  upon  the  distance  from  the 
Equator.  (See  fig.  2-2.)  Therefore,  the  extent  to 
which  an  air  mass  is  heated  is  influenced  by  the 
latitude.  Latitude  influences  the  sources  and 
direction  of  air  masses  and  the  weather  they 
bring  with  them. 

Influence  on  Air  Temperature 

Regions  under  direct  or  nearly  direct  rays  of 
the  sun  receive  more  heat  (per  unit  of  time)  than 
those  under  oblique  rays.  The  heat  brought 
about  by  the  slanting  rays  of  early  morning  may 
be  compared  with  the  heat  that  is  caused  by  the 
slanting  rays  of  winter.  The  heat  which  is  due  to 
the  more  nearly  direct  rays  of  midday  may  be 
compared  with  the  heat  resulting  trom  the  more 
nearly  direct  rays  of  summer. 

The  length  of  the  day,  like  the  angle  of  the 
sun's  rays,  influences  the  temperature.  The 
length  of  the  day  varies  with  the  latitude  and  the 
season  of  the  year.  A  place  near  the  Equator  has 
about  12  hours  of  daylight  every  day  in  the 
year.  Because  of  this,  and  because  the  sun  at 
noonday  is  always  higli  in  the  sky  (giving  nearly 
direct  rays),  equatorial  regions  do  not  have 
pronounced  seasonal  temperature  changes. 

During  summer  in  the  Northern  Hemisphere 
all  places  north  of  the  Equator  have  more  than 
12  hours  of  daylight.  This  situation  is  reversed  in 
the  winter;  latitudes  north  of  the  Equator 
received  less  than  1 2  hours  of  daylight. 

Great  seasonal  variation  in  the  length  of  the 
day  and  the  seasonal  difference  in  the  angle  at 
which  the  sun's  rays  reach  the  earth's  surface 
cause  seasonal  temperature  differences  in  middle 
and  high  latitudes.  In  the  far  north,  long  hours 
of  winter  darkness  produce  cold  temperatures 
that  breed  powerful  polar  air  masses;  conversely 
long  hours  of  summer  daylight  weaken  the  polar 
air  masses. 


EMC 


14 

20 


Chapter  2-WORLD  CLIMATE  AND  WEATHER 


6  MONTHS  NI6HT  ^  TANGENT 

ATMPOLX..,,^^     SUN  RAY 


TANGENT 


6  MONTHS 


lY  AT  N.  POLE 


PERPENWCULAR  PERPENDICULAR 


SUN  RAY  r^*^' 


6  MONTHS  ^    SUN  RAY 
DAY    AT  S.POLE 

22  DECEMBER-  WINTER  SOLSTICE 


TANGENT  _ 
SUN   RAY  0^ 


_       6  MONTHS 
NIGHT  AT  S.  POLE 


21-JUNE- SUMMER  SOLSTICE 


12  H 


TANGENT 


AIICTIC  I  CIRCLE 
I 


SUN  RAY 


TROPIC  OF  CANCER 

Jqi^TDR  J^RPENDICULAR 

TMPIC  OfJc_APRIC^. 

I  I2H 
I 

AHTWIOIC  CIRCLE^ 

SUN  RAY 


22  SEPTEMBER- AUTUMN  EQUINOX 
21  MARCH-  SPRING  EQUINOX 


POSITION  OF  PERPENDICULAR  AND 
TANGENT  SUN  RAYS  DETERMINES 
TROPICS  OF  CANCER  AND  CAPRICORN 
AND  ARCTIC  AND  ANTARCTIC  CIRCLES 

POSITION  OF  DAYLIGHT  CIRCLE  DETER- 
MINES LENGTH  OF  DAY  AND  NIGHT. 


AG.383 


Figure  2-2.-Latitude  differences  in  amount  of  Insolation. 


The  hot  and  humid  climates  of  equatorial 
Africa  and  South  America  are  good  examples  of 
the  influence  that  latitude  has  on  climate.  At  no 
time  during  the  year  are  the  sun's  rays  at  much 
of  an  oblique  angle.  Therefore,  there  is  little 
difference  between  mej.n  temperature  for  the 
coldest  and  warmest  month.  Contrast  this  pic- 
ture with  the  opposite  extreme,  where  the  sun  is 
either  below  the  horizon  for  a  great  deal  of  the 
time  or  is  only  slightly  above  the  horizon  at  any 
time.  The  sun's  rays  in  reaching  the  earth's 
surface  in  polar  regions  make  such  a  small  angle 


with  the  earth's  surface  that  the  energy  received 
per  unit  area  is  extremely  small  and  the  sun's 
effectiveness  is  minimized  even  thougli  it  may 
shine  for  days  without  ceasing. 

The  average  worid  surface  temperatures  are 
represented  on  two  world  charts  for  July  and 
January  as  shown  in  figure  2-3.  It  must  be 
remembered  that  these  are  mean  charts  and  are 
not  meant  to  be  an  accurate  portrayal  of  the 
temperatures  on  any  one  particular  day.  Note 
that  in  general  the  temperatures  decrease  from 
low  to  high  latitudes.  Thi:J  is  the  latitude  factor. 
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Chapter  2  -WORLD  CLIMATE  WEATHER 


LAND  AND  WATER  DISTRIBUTION 

Because  land  heats  and  cools  about  four  times 
faster  than  water  the  location  of  continents  and 
oceans  greatly  alters  the  earth  pattern  of  air 
temperature  and  influences  the  sourc^^s  and 
direction  of  movement  of  air  masses. 

Influence  on  Air  Temperature 

Coastal  areas  take  on  the  temperature  charac- 
teristics of  the  land  or  water  to  their  windward. 
In  latitudes  of  prevailing  westerly  winds,  for 
example,  west  coasts  of  continents  have  oceanic 
temperatures  and  east  coasts  have  continental 
temperatures.  The  temperatures  are  determined 
by  the  windflow. 

Since  the  upper  layers  of  the  ocean  are  nearly 
always  in  a  state  of  violent  stirring,  heat  losses  or 
heat  gains  occurring  at  the  sea  surface  are 
distributed  throughout  a  large  volume  of  water. 
This  mixing  process  sharply  reduces  the  temper- 
ature contrasts  between  day  and  night  and 
between  winter  and  sunimei  over  oceanic  areas. 

Over  land,  there  is  no  redistribution  of  heat 
by  turbulence,  and  the  effect  of  conduction  is 
negligible.  Thus  violent  contrasts  between  sea- 
sons and  between  day  and  night  are  created  in 
the  interiors  of  continents.  During  winter,  a 
large  part  of  the  incident  solar  radiation  is 
reflected  back  toward  space  by  the  snow  cover 
that  extends  over  large  portions  of  the  northern 
continents.  For  these  reasons,  the  northern 
continents  serve  as  manufacturing  plants  for  dry 
polar  air.  The  polar  air  cap  is  no  longer 
synimetricaL  but  is  displaced  far  to  the  south, 
particularly  over  the  interior  of  Asia. 

The  large  temperature  difference  between  the 
land  and  water  surface,  which  reverses  between 
the  two  seasons,  determines  to  a  great  extent  the 
seasonal  weather  patterns. 

You  will  note  in  figure  2-3  that  in  the 
Northern  Hemisphere  the  isotherms  are  more 
closely  spaced  and  parallel  in  winter  In  the 
Southern  Hemisphere,  the  temperature  gradient 
does  not  have  as  great  a  seasonal  change  as  it 
does  m  the  Northern  Hemisphere.  This  is  due  to 
the  unequal  distribution  of  land  and  water  on 
the  two  hemispheres.  Since  the  Southern  Hemi- 


sphere has  less  land  and  more  water  surface  than 
the  Northern  Hemisphere,  the  change  due  to  the 
greater  water  surface  is  less  with  consequent 
more  nearly  uniform  isotherms.  Too,  the  con- 
tinents of  the  Southern  Hemisphere  taper 
toward  the  poles  and  do  not  extend  to  as  high  a 
latitude  as  in  the  Northern  Hemisphere. 

The  nature  of  the  surface  affects  the  local 
heat  distribution.  Color,  texture,  and  vegetation 
influence  the  rate  of  heating  and  cooling.  Gener- 
ally, dry  surfaces  heat  and  cool  faster  than  moist 
surfaces.  Plowed  fields,  sandy  beaches,  and 
paved  roads  become  hotter  than  surrounding 
meadows  and  wooded  areas.  During  the  day,  air 
is  warmer  over  a  plowed  field  than  over  a  forest 
or  swamp;  during  the  night  the  situation  is 
reversed. 

The  distribution  of  water  vapor  and  cloudi- 
ness is  another  important  factor  influencing  air 
temperature.  Althougli  areas  with  a  high  per- 
centage  of  cloudiness  have  a  high  degree  of 
reflectivity,  the  energy  which  is  not  reflectc:!  is 
easily  trapped  in  the  lower  layers  due  to  the 
greenhouse  effect.  Thus,  it  must  be  expected  that 
areas  of  high  annual  moisture  content  will  have 
relatively  high  annual  temperature. 

Air  Circulation 

The  higher  mean  temperature  of  the  Northern 
Hemisphere  is  not  only  an  effect  of  its  greater 
land  cover,  but  the  oceans  are  also  warmer  than 
in  the  Southern  Hemisphere.  This  is  partly  due 
to  the  movement  of  warm  equatorial  waters 
from  the  Southern  Hemisphere  into  the  North- 
ern Hemisphere,  caused  by  the  southeast  trades 
which  cross  the  Equator.  Another  factor  con- 
ducive to  higher  mean  temperatures  in  the 
Northern  Hemisphere  is  the  partial  protection  of 
its  oceans  from  cold  polar  waters  and  Arctic  ice 
by  land  barriers.  There  is  no  such  barrier 
between  the  Antarctic  region  and  the  southern 
oceans. 

TOPOGRAPHY 

Over  land,  climates  may  vary  radically  within 
very  short  distances  because  of  altitudes  and  the 
variations  in  land  forms.  In  this  section  we  will 
discuss  these  two  general  effects. 
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Altitude 

The  height  of  an  area  above  sea  level  exerts  a 
considerable  influence  of  its  climate.  For  in- 
stance, a  place  located  on  the  Equator  in  the 
high  Andes  of  South  America  would  have  a 
climate  quite  different  from  a  place  located  a 
few  feet  above  sea  level  at  the  same  latitude. 

A  cliange  of  all  climatic  values  is  observed  as  a 
function  of  elevation. 

Land  Forms 

A  powerful  influence  on  climates  is  mountain- 
ous terrain,  especially  the  long  high  chains  of 
mountains  Uiat  act  as  climatic  divides.  These 
obstacles  ciellect  the  tracks  of  cyclones  and 
block  the  passage  of  air  masses  in  the  lower 
levels.  If  the  pressure  gradients  are  strong 
enough  to  force  the  air  masses  over  the  moun- 
tains, the  forced  ascent  and  descent  will  modify 
the  air  masses  to  a  great  extent,  thus  modifying 
the  climate  on  both  the  windward  and  leeward 
sides. 

The  alinement  of  the  mountain  range  may 
block  certain  air  masses  and  keep  them  from 
getting  to  the  lee  side  of  the  mountains.  For 
example,  the  Himalayas  and  the  Alps,  with  an 
east-west  orientation,  prevent  fresh  polar  air 
masses  from  advancing  southward.  Therefore, 
the  climates  of  India  and  Italy  are  warmer  in 
winter  than  other  locations  of  the  same  latitude. 
The  coastal  ranges  of  mountains  in  North 
America,  running  in  a  north-south  line,  prevent 
the  passage  of  unmodified  maritime  air  masses 
to  the  lee  side. 

Probably  the  most  noted  effect  of  mountains 
is  the  distribution  of  precipitation.  The  precipi- 
tation values,  level  for  level,  are  much  higher  on 
the  windward  side. 

In  regions  where  the  prevailing  circulation 
flows  against  a  mountain  barrier,  the  amounts  of 
precipitation  increase  more  or  less  uniformly 
toward  the  tops  of  the  mountains.  This  occurs 
on  the  windward  side  of  the  mountains  to 
elevations  of  about  10,000  feet.  However,  in  the 
trade  wind  zone,  such  as  at  the  Hawaiian  Islands, 
precipitation  amounts  increase  only  to  about 
3,000  feet  and  then  decrease  gradually.  Even 
with  this  decrease  in  amounts,  more  rain  is 
received  at  6,000  feet  than  at  sea  level. 


ck:ean  currents 

The  currents  of  the  oceans  have  considerabJe 
influence  on  the  climate  of  certain  areas  and 
must  be  considered  when  preparing  operational 
forecasts.  However,  since  a  discussion  of  ocean 
currents  is  presented  in  chapter  22  of  AG  3  &  2, 
NT  10363-D,  they  are  not  discussed  in  this 
manual. 

OTHER  FACTORS 
INFLUENCING  CLIMATE 

Vegetation  and  human  activity,  though  their 
roles  may  be  minor  in  the  overall  climatic 
picture,  do  have  an  effect,  at  least  in  a  local  area, 
on  the  climate  of  that  locality. 

It  is  believed  that  large  human  settlements 
and  industrial  plants  have  a  large  influence  on 
climate.  The  atmospheric  pollution  is  increased 
and  the  radiation  balance  in  the  vicinity  of  the 
pollution  is  changed.  This  affects  the  daily 
maxinmm  and  minimum  temperatures  inside 
cities.  They  are  generally  higher  than  fin  the 
suburbs.  The  higlier  concentration  of  hygro- 
scopic condensation  unclei  in  the  cities  results  in 
an  increased  number  of  fogs.  Too,  with  the 
larger  heat  source  concentrated  over  cities, 
increased  convection  gives  rise  to  greater 
amounts  of  cloudiness  with  slightly  higher 
amounts  and  frequencies  of  rain. 

Evaporation  and  transpiration  (breathing)  of 
plants  are  very  important  influences  on  climate. 
Falling  precipitation  cauglit  in  trees  before 
reaching  the  ground  may  be  evaporated.  Precipi- 
tation which  reaches  the  ground  does  not  readily 
evaporate,  nor  run  off  easily,  due  to  the  spongy 
structure  of  solid  forests  that  can  absorb  and 
store  considerable  .quantities  of  water.  Snow  in 
forests  is  protected  from  direct  radiation  by  the 
trees  and  may  stay  on  the  ground  for  much 
longer  periods  than  over  open,  exposed  surfaces. 
Inside  forests  temperature  maximums  and  mini- 
mums  are  higlier  than  over  open  land  at  the 
same  latitude.  Relative  humidities  are  higher  in 
forests  and  wind  speeds  are  considerably  lower 
than  outside. 

CLIMATOLOGICAL  DATA 

Climatological  records  are  based  on  the  mete- 
orological observations  that  are  taken  at  a 
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particular  locality.  This  information  may  be 
presented  in  a  number  of  ways. 

Temperature  records  generally  include  the 
following  temperature  values.  Dail>  maximums 
and  minimums  by  months,  the  extremes,  the 
average  temperature  by  year  and  month:  the 
mean  monthly  and  annual  temperature,  and  the 
mean  monthly  maxiniuni  and  minimum.  These 
values  or  elements  were  discussed  earlier  in  this 
chapter.  Sometimes  included  are  the  monthly 
and  seasonal  degree  days,  A  degree  day  is  the 
departure  of  the  mean  temperature  from  a  daily 
average  temperature  of  65^ F.  For  instance,  if 
the  mean  temperature  for  a  particular  date  were 
50^F.,  the  number  of  degree  days  for  that  date 
is  15.  Of  great  climatic  significance  is  the  range 
between  the  mean  temperature  of  the  warmest 
month  and  the  coldest  month.  Other  tempera- 
ture data  are  sometimes  given.  These  may 
include  the  number  of  days  with  the  following 
temperatures:  Maximum  of  90^F  and  above; 
maxinuini  of  32^F  and  below;  minimum  of 
32^F  and  below:  and  minimum  of  O^'F  and 
below. 

Precipitation  records  include  the  mean  annual 
and  monthly  totals.  The  range  between  the 
highest  and  the  lowest  annual  rainfall  for  a 
locality  is  the  best  indication  of  the  dependa- 
bility of  the  precipitation.  The  records  often 
show  the  absolute  maximum  rainfall  and  snow- 
fall for  a  24-hour  pen^d  by  months,  as  well  as 
the  maximum  and  minimum  precipitation  for 
each  montii. 

Climatic  recorua  usually  show  data  on  winds. 
Such  information  indicates  the  mean  hourly 
speed  and  the  prevailing  direction  by  month. 
Also  shown  are  the  speed  and  direction  of  the 
fastest  mile  of  the  wind  for  the  12  months  and 
the  year  in  which  it  occured. 

Data  on  cloudiness,  humidity,  thunderstorms, 
and  heavy  fog  are  often  included.  Other  helphful 
data  would  be  the  frequency  and  distribution  of 
cyclones  and  anticyclones,  passage  of  fronts,  the 
proportion  of  rainfall  and  snowfall  received 
from  cyclonic  storms  and  local,  airmass  thunder- 
storms; and  climatological  data  on  upper  air 
conditions. 

EJIc  ■  2f 


METHODS  OF  PRESENTATION 

Climatological  information  is  presented  in 
many  different  ways.  Tables  are  frequently  used. 
Maps  are  particularly  useful  in  presenting  cli- 
matic information  in  cases  where  geography  is 
an  important  factor.  Wind  data  can  often  be 
given  by  means  of  a  device  called  a  wind  rose, 
which  presents  information  on  the  prevailing 
wind  directions.  For  an  example  of  a  wind  rose, 
see  llgure  2-4, 


AG.385 

Figure  2-4.-A  wind  rose. 

Graphs  are  usually  divided  into  bar  and  line 
graphs,  or  the  graph  may  be  a  combination  of 
the  two.  Figure  2-5  shows  an  example  of  a  bar 
graph  and  a  line  graph  of  the  same  information, 

AVAILABILITY  OF  DATA 

Every  naval  weather  service  office  should  have 
climatological  records  in  usable  form  availabk 
for  the  area  in  which  the  office  is  located,  and 
for  such  other  areas  as  may  be  necessary  to  carry 
out  its  mission.  Various  climatological  records 
that  are  available  for  Naval  Weather  Service  units 
from  the  NWSED,  National  Climatic  Center, 
Asheville,  NOrth  Carolina  include:  the  Summary 
of    Meteorological    Observations.  Surface 
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Figure  2-5.-A  comparison  of  the  bar  and  line  graph 
methods  of  Showing  the  variable  annual  precipitation  in 
a  time  series.  (A)  Bar  graph;  IB  and  C)  line  graphs. 


(SMOS):  Local  Climatological  Data  (LCD)  for 
selected  .stations;  Cross-Wiiul  Siiiiiiiiary:  Siim- 
niar>'  of  Synoptic  Meteorological  Observations 
(SSMO);an(I  Winds  Aloft  Siinimaries, 

The  first  two  are  routinely  issued  and  revised: 
the  last  three  are  prepared  and  issued  only  on 
request. 

Frequency  SMOS 

These  standard  suniniarios  are  prepared  frr^ 
Navy  Monthly  Meteorological  Records  (MMR). 

I:ach  SMOS  is  for  a  specific  station.  Fre- 
quency distributions  for  various  parameters  are 
presented  by  time  of  day,  month,  and  year. 
Each  SMOS  is  revised  every  5  years. 

Local  Climatologica!  Data 

The  Local  Climatological  Data  summary  con- 
sists of  means  and  extren;es  (temperature,  pre- 
cipitation, wind,  etc.)  by  month,  mean  tempera- 
ture and  total  precipitation  by  months  for 
specific  years  of  record,  and  monthly  and 
seasonal  degree  days.  It  is  revised  annually. 

Cro,ss-Wind  Summary 

This  summary  presents  the  preccntagc  of 
occurrence  of  cross-winds  for  a  given  mnway. 

Sunnnary  of  Synoptic 
Meteorological  Observations 

These  standard  summaries  are  siniihir  to  the 
Summary  of  Meteorological  Obsei-vations,  Sur- 
face (SMOS)  in  that  they  present  a  number  of 
useful  monthly  and  annual  tabulations  of  sur- 
face climatological  data  and  various  combina- 
tions of  the  included  parameters.  They  are 
specifically  designed  for  compatibility  with  the 
various  weather  reporting  codes  of  foreign 
nations  and  of  ships  at  sea. 

Winds  Aloft  Summary 

These  summaries  arc  either  seasonal  or 
monthly  and  are  generally  prepared  for  various 
constant  heigiit  levels  and  constant  pressure 
levels.  The  summaries  contain  winds  aloft  data 
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giving  speed  and  directions  over  tlie  period 
covered.  The  legend  on  each  chart  is  self- 
explanatory. 

Worldwide  Airfield  Suniniaries 

These  suniniaries  provide  cliniaiological  data 
for  airfields  and  geographical  areas  throughout 
the  world.  There  are  10  volumes,  some  pub- 
lished in  two  or  more  pans. 

The  summaries  are  prepared  at  the  National 
Climatic  Center  (NCC)  Asheville,  North  Caro- 
lina. The  Headquarters,  Naval  Weather  Service 
Command,  controls  the  Navy  participation  in 
the  joint  activity  of  the  Asheville  operation. 
Requests  for  these  summaries  should  be  for- 
warded via  official  channels  to: 

Commander,  Naval  Weather  Service  Command 
Washington  Navy  Yard 
Building  200 
Washington,  D.  C.  20390 

with  a  copy  to  the  Officer  in  Charge,  NWSED, 
NCC,  Asheville,  North  Carolina. 

CLIMATOLOGICAL  REFERENCES 

There  are  many  references  which  can  be  used 
in  climatological  work,  so  many  in  fact  that  they 
would  be  too  numerous  to  list  all  of  them  here. 
Most  of  the  Navy  climatological  references  are 
listed  in  the  Navy  Stock  List  of  Forms  and 
Publication,s,  NavSup  Pub;' ration  2002,  Cog- 
nizance Symbol  1,  Part  C,  Section  Vlll.  Navy 
Climatological  publications  are  found  under  the 
NA/NW  50- IC  series.  A  few  of  those  available 
are  listed  as  follows: 

1.  Guide  to  Standard  Weather  Summaries, 
NavAir  50-1C-534.  This  publication  contains  an 
index  of  all  the  standard  machine-tabulated 
summaries  available  and  on  file  at  the  National 
Climatic  Center. 

2.  U.  S.  Navy  Marine  Climatic  Atlas  of  the 
World,  Vols.  1  through  Vlll.  These  publications 
contain  climatic  data  for  all  the  principal  ocean 
areas  of  the  world.  It  has  both  a  surface  and  aii 
upper  air  section.  The  surface  section  contains 
data  presented  by  graphs,  tables,  and  isopleths 
on  such  elements  as  surface  winds,  gales,  visibil- 
ity, precipitation,  etc.  It  also  includes  charts 
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containing  isobars  of  normal  pressure  and  princi- 
pal storm  tracks.  The  upper  air  section  includes 
charts  of  upper  wind  graphs,  temperatures, 
relative  humidity,  and  heights  for  selected  levels; 
tropopause  data;  and  refractive  index  gradients. 

3.  The  local  Area  Forecaster's  Handbook. 
This  handbook  as  required  by  NAVWEASER 
COM  Instruction  3140.2(  )  contains  valuable 
information  on  local  and  area  weather  as  fol- 
lows: A  description  of  the  local  topography  and 
terrain,  general  synoptic  characteristics  of 
weather  occurrences  in  the  local  area,  mean 
storm  tracks  for  your  region,  a  limited  amount 
of  climatological  data,  and  local  forecasting  rules 
or  techniques.  It  can  serve  as  a  composite 
summary  of  expected  weather  events  and  the 
effect  of  certain  parameters  on  the  local 
v/eatlier. 

Stations  that  are  preparing  their  first  hand- 
book or  revisin'j  their  old  one  can  make  ex- 
cellent u,se  of  their  Summary  of  Meteorological 
Observations,  Surface  (SMOS).  Individual  tables 
or  graphs  thereof  may  be  placed  in  the  hand- 
book, or  the  entire  SMOS  may  be  used  as  a 
separate  appendix  to  supplement  the  descriptive 
text.  Extra  copies  of  SMOS  are  available  from 
the  Headquarters,  Naval  Weather  Service  Com- 
mand for  this  purpose.  If  the  SMOS  is  used  as  a 
separate  appendix,  it  need  not  be  forwarded 
with  the  handbook  to  the  Headquarters,  Naval 
Weather  Service  Command.  Many  excellent  sug- 
gestions for  climatological  preparation  can  be 
found  in  NW  50-1C-536,  Climatology  at  Work. 
This  is  also  an  excellent  statistics  primer. 

The  handbook,  to  be  of  the  utmost  use  and 
value  to  the  station  forecasters,  must  be  updated 
and  revised  periodically. 

CLIMATOLOGICAL  SERVICES 

The  Naval-Weather  Service  Command  pro- 
vides climatological  services  to  the  Navy  through 
its  weather  units.  Fleet  Weather  Facilities  and 
Centrals,  and  the  NWSED,  NCC,  Aslieville. 

Weather  units  at  shore  stations  must  provide 
climatological  studies  for  their  local  areas  based 
upon  locally  available  weather  data  and  climato- 
logical publications.  Requests  for  climatological 
studies  beyond  the  capabilities  of  tne  local 
weather  unit  should  be  submitted  to  the  nearest 
Fleet  Weather  Central. 


21 
27 


AEROGRAPHHR'S  MATE  1  &  C 


riect  Weather  Centrals  provide,  in  atklition  to 
local  area  stiKlies.  cliniatological  stiulies  for  their 
areas  of  responsibility,  cliniatological  studies  for 
other  weather  units  and  forces  atloat.  including 
the  preparation  of  the  cliniatological  portion  of 
weather  annexes  for  operation  plans  when 
requested.  They  also  conduct  active  research  in 
applied  climatology. 

INTERPRETATION 

Cliniatological  records  are  almost  worthless 
unless  they  are  interpreted  correctly.  Proper 
interpretation  requires  that  all  of  the  meteoro- 
logical elements  be  ^tudied  so  as  to  present  a 
composite  picture.  One  meteorological  element 
alone  means  ver>  little  to  a  meteorologist.  For 
instance*  it  is  possible  to  conclude  that  Cairo 
Egypt,  and  Galveston.  Texas,  have  about  the 
same  kind  of  weather  from  a  study  of  only  the 
temperature,  since  the  yearly  and  monthly 
means  and  annual  range  are  approximately  the 
Siuiie.  However,  Galveston  has  about  40  times  as 
much  precipitation.  Thus,  their  weather  condi- 
tl.vns  over  the  year  must  differ  greatly. 

To  properly  interpret  jusl  one  meteorological 
element  requires  a  study  of  several  factors.  The 
temperature  of  a  particular  locality  must  be 
studied  from  the  stanpoint  not  only  of  the  mean 
but  also  of  the  extremes,  and  the  diurnal  and 
annual  ranges.  The  effectiveness  of  precipitation 
depends  on  several  factors,  such  as  amount, 
distribution,  and  evaporation.  The  mean  precipi- 
tation for  a  particular  month  for  a  locality  may 
be  several  inches,  but  the  interpreter  may  find 
from  a  study  of  the  locality's  records  that  in 
some  years  the  precipitation  for  that  month  is 
less  than  an  inch,  possibly  not  even  a  trace. 

APPLICATION  OFCLLMATOLOGY 
TO  WEATHER  PREDICTION 

Climatology  is  introduced  where  operational 
planning  is  required  for  a  length  of  time  beyond 
the  range  covered  by  weather  forecasting  tech- 
niques. A  study  of  the  climate  of  that  area  or 
region  may  well  foretell  the  general  weather 
pattern  to  be  expected. 

A  more  direct  application  of  climatology  can 
be  made  by  both  the  experienced  and  the 
inexperienced  forecaster.  The  experienced  fore- 
id 
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caster  who  has  personal  experience  at  a  particu- 
lar station  can  use  climatology  as  a  refresher  for 
the  overall  weather  patterns  which  can  be 
expected  for  the  ensuing  season.  This  knowledge 
can  help  him  to  be  more  perceptive  in  his 
everyday  analyses,  to  be  alert  for  changing 
patterns  with  the  seasons,  and  to  produce  a 
higher  quality  forecast. 

The  inexperienced  forecaster  who  has  had  no 
experience  at  a  particular  station  must  rely  on 
climatology  as  a  substitute  for  this  experience. 

Forecasters  cannot  be  expected  to  become 
familiar  overnight  with  the  weather  peculiarities 
of  their  new  area  of  responsibility.  The  station 
indoctrination  period  can  be  greatly  reduced  if 
the  new  forecaster  is  furnished  with  ''packaged 
experience"  in  a  form  which  can  place  him  more 
nearly  on  a  par  with  those  forecasters  already 
experienced  at  that  station.  The  Local  Area 
Forecaster's  Handbook  is  a  good  example, 

USES  AND  LIMITATIONS  OF 
CLIMATOLOGICAL  DATA 

The  Naval  Weather  Service  makes  many  uses 
of  cliniatological  data.  In  using  the  data,  how- 
ever, it  must  be  clear  that  climatology  has  its 
limitations  in  the  field  of  meteorology.  It  may 
be  put  this  way.  Climatology  is  an  essential 
supplement  to  meteorology,  but  it  must  never 
be  considered  a  substitute  for  the  meteorological 
situation  which  conslilules  current  weather 
conditions. 

The  Navy  makes  use  of  climatological 
research  in  determining  the  locations  for  naval 
baset;  and  naval  air  stations.  The  prevalence  of 
fogs,  the  prevailing  wind  directions,  the  occur- 
rence of  low  ceilings,  and  the  passage  of  fronts, 
along  with  the  frequency  of  thunderstorms,  are 
some  of  the  important  considerations  in  estab- 
lishing naval  air  stations  in  particular. 

In  the  locating  of  naval  air  stations,  fogs  are 
especially  important  as  a  consideration.  Ground 
fog  will  tend  to  drain  into  an  area  that  is  located 
in  a  topographical  depression.  When  ground  fog 
occurs,  a  station  located  at  such  a  site  would  be 
the  first  to  be  fogged  in, and  it  would  be  the  lasw 
to  have  fog  dissipation.  If  advection  fog  is 
predominant  in  the  area,  its  effect  can  be 
minimized  by  selecting  a  site  where  the  pre- 
vailing wind  during  such  fogs  has  a  downhill 

22 

.  28 


Chapter  2>-W0RLD  CLIMATE  AND  WEATHER 


component  so  that  adiabatic  compression,  with 
its  associated  temperature  rise,  will  dissipate  fog. 

If  the  air  station  is  to  be  located  in  an 
industrial  area,  it  should  be  located  to  the 
windward  side  of  tiie  industrial  area  to  minimize 
the  reduction  of  visibility  due  to  smoke.  Air 
stations  should  not  be  located  near  the  lee  side 
of  high  obstructions  which  could  produce 
troublesome  eddy  currents. 

Also,  in  the  cstabUshment  of  a  naval  air 
station  the  occurrence  of  low  ceiling  must  be 
considered.  A  study  of  the  climatological  data  of 
an  area  will  reveal  the  prevalence  of  ceilings 
which  would  adversely  affect  flight  operations. 

The  passage  of  fronts  is  another  important 
consideration.  It  is  very  essential  to  know  the 
frequency  of  frontal  passage,  the  normal  speed 
of  the  movements  of  fionts,  seasonal  fronts,  and 
the  usual  weather  conditions  that  accompany 
the  different  types  of  fronts  that  move  across 
the  area. 

The  distribution  and  frequency  of  thunder- 
storms are  important  climatically  in  the  location 
of  naval  air  stations.  This  is  due  to  the  great 
destructibility  of  gusty  winds  accompanying 
thunderstorms,  and  the  disruptions  that  they 
can  cause  in  the  flight  program. 

The  orientation  of  the  runways  at  an  air 
station  can  be  properly  made  only  after  due 
consideration  of  the  prevailing  winds  of  the  area. 
Prevailing  winds  must  be  studied  carefully.  It  is 
necessary  to  consider  several  directions  that 
occur  frequently.  Wind  directions  associated 
with  low  wind  speeds  maybe  somewhat  ignored 
if  the  speed  is  low  enougli  that  crosswind 
landings  may  be  made  safely. 

In  using  climatological  records  for  study,  it  is 
necessary  to  consider  all  elements  and  values 
that  are  available.  It  is  a  mistake  to  rely  too 
heavily  on  the  normal  values  that  are  attached  to 
certain  weather  elements,  since  one  year  or 
month  may  vary  a  great  deal  from  the  normal 
for  the  year  or  month. 

WORLD  WEATHER 

Factors  to  be  considered  in  analyzing  weather 
in  different  areas  of  the  world  include  world  air 
masses  and  fronts,  the  polar  front,  regional 
circulations,  oceanic  weather,  and  arctic  and 
antarctic  weather.  These  are  discussed  in  the 
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following  paragraphs,  concluding  with  a  discus- 
sion of  United  States  weather  as  it  relates  to 
world  weather. 

WORLD  AIR  MASSES  AND  FRONTS 

The  initial  characteristics  of  an  air  mass  is 
determinded  by  the  surface  (land  or  water)  over 
which  the  air  mass  originates  (its  source  region). 
However,  these  initial  characteristics  undergo  a 
variety  of  changes  once  the  air  mass  begins  to 
move  out  of  the  source  region. 

The  regions  of  high  pressure  from  which 
principal  airflows  originate  are  the  primary 
source  regions  for  the  air  masses  that  move  over 
the  world.  The  relative  intensity  of  the  continen- 
tal and  maritime  highs  determines  the  location 
of  ihe  zones  of  convergence  between  them.  In 
these  zones  of  convergence,  where  air  masses 
with  different  properties  meet,  lie  the  polar 
fronts.  The  transient  low-pressure  cells  of  the 
extratropical  cyclone  move  along  the  polar 
fronts. 

Air-Mass  Source  Regions 
and  Classifications 

Figures  2-6  and  2-7  show  the  worid  air 
masses,  fronts,  and  centers  of  major  pressure 
systems  in  January  and  July,  respectively. 

A  more  detailed  discussion  of  air  mass  source 
regions  and  classifications  is  presented  in  AG  3 
&  2,  Chapter  6,  NT  10363-D. 

Air-Mass  Characteristics 

The  weather  characteristics  of  a  particular 
month  in  a  given  locality  are  governed  by: 

K  The  intensity  of  the  airstream  flowing  over 
that  particular  region, 

2.  The  origin  of  the  air  mass  within  the 
stream. 

3.  The  previous  history  of  the  air  mass  before 
arriving  over  the  region. 

4.  The  effects  of  local  topography  upon  the 
several  meteorological  processes. 

5.  The  proximity  of  the  region  to  one  of  the 
zones  of  atmospheric  convergence. 

The  rate  of  transformation  depends  upon  the 
degree  of  difference  in  temperature  and  mois- 
ture, the  speed  of  airflow,  and  the  amount  of 
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Figure  2-6.-Chart  showing  world  air  masses,  fronts  and  centers  of  major  pressure  systems  in  January. 


turbulence  in  the  lower  lasers.  Discussion  of  the 
modification  process  is  facilitated  if  the  follow- 
nig  three  classes  of  conditions  are  considered. 

1.  Warm  air  moving  over  a  colder  surface.  In 
this  case,  the  surface  layer  of  air  undergoes  rapid 
transformation,  but.  because  of  the  stability 
produced  by  this  surface  cooling,  the  effects  do 
not  extend  to  great  heights. 

2.  Cold  air  moving  over  a  warmer  surface.  In 
such  a  situation,  the  surface  layer  of  air  under- 
goes less  rapid  modification,  but  the  effects 
extend  to  much  higher  levels  because  of  the 
turbulent  and  convective  exchange  of  heat  and 
moisture. 

3.  Warm,  dry  air  moving  over  a  warm,  moist 
surface.  In  this  case,  the  air  mass  picks  up 
moisture  rapidly,  but,  because  of  the  small 
amount  of  heating  at  the  surface,  the  effects 


reach  onl>  a  limited  height.  Under  such  condi- 
tions, a  shallow  layer  of  unstable  air  exists  at  the 
surface  with  a  stable  inversion  layer  above.  This 
prevents  the  distribution  of  moisture  to  high 
levels. 

POLAR  FRONT 

There  are  four  principal  types  of  air  masses  in 
each  hemisphere,  named  according  to  their 
source  regions,  arctic,  polar,  tropical,  and  equa- 
torial. Arctic  air  is  separated  from  polar  air  by 
the  Arctic  front.  The  polar  front  exists  between 
tropical  and  polar  air  masses.  The  ITCZ  lies  in 
the  equatorial  air  mass  region. 

The  polar  front  does  not  constitute  a  single, 
more  or  less  continuous,  band  of  convergence 
and  bad  weather.  It  appears,  rather,  as  a  series  of 
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Figure  2-7.-Chart  showing  world  air  ma«es,  fronts,  and  centers  of  major  pressure  systems  In  July. 
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active,  convergent  zones,  which  move  in  a 
general  direction  from  west  to  east.  These 
convergent  zones  are  the  migratory  low  or 
traveling  cyclones  of  the  middle  latitudes.  It  has 
been  shown  that,  in  middle  and  high  latitudes,  it 
is  impossible  for  air  masses  with  different 
densities  (temperatures)  to  lie  side  by  side 
continuously  in  equilibrium,  but  that  waves  will 
form  along  the  discontinuity  or  front  that 
separates  the  two.  If  the  wavelength  of  the 
disturbances  are  of  the  order  of  300  to  1 .800 
miles,  the  waves  are  said  to  be  unstable  and, 
their  amplitude  will  increase  with  time.  In  this 
case,  the  cold  air  in  the  rear  of  the  waves  is 
pushed  toward  the  Equator,  where  it  tends  to 
underrun  the  warm  air.  thus  forming  the  cold 
front  of  the  cyclone.  A  compensating  polarward 
flow  of  warm  air  occurs  in  tiie  front  portion  of 
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the  advancing  wave,  thus  forming  the  warm 
front  of  the  cyclone.  The  warm,  light  air  behind 
the  warm  front  tends  to  ride  up  and  over  the 
denser  cold  air  ahead  of  the  front.  The  waves 
develop  into  occlusions,  and  a  typical  extra- 
tropical  cyclone  is  the  result. 

The  formation  of  a  cyclone  along  the  polar 
front  is  first  noted  as  a  slight  indentation  of  the 
front.  This  indentation  or  wave  deepens  and 
moves  along  the  front,  rapidly  at  first,  and  then 
becomes  progressively  slower.  The  waves  nearly 
always  move  from  west  to  east  for  two  reasons. 
In  the  first  place,  this  is  the  prevailing  direction 
of  the  windstream  in  which  they  form.  Sec- 
ondly, according  to  wave  theory,  a  wave  type 
cyclone  should  move  in  such  a  way  that  the 
warmer  air  is  on  the  right  in  the  Northern 
Hemisphere  and  on  the  left  in  the  Southern 
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Hemisphere.  Since  the  warmer  air  is  usually  to 
the  south  of  the  polar  front  in  the  Northern 
Hemisphere,  and  to  the  north  of  the  polar  front 
in  the  Southern  Hemisphere,  the  wave  move- 
ment also  contributes  to  the  west-to-east  motion 
of  cyclones.  Thus,  the  zones  of  active  con- 
vergence along  the  polar  fronts  in  each  hemi- 
sphere appear  as  migratory  lows  which  travel 
from  west  to  east,  generally  in  the  region  which 
is  more  than  20°  from  the  Equator. 

REGIONAL  CIRCULATIONS 

Many  regions  have  unusual  local  weather 
phenomena  caused  directly  by  the  temperature 
difference  between  land  and  water  or  by  local 
topographical  features.  Knowledge  of  the  re- 
gional circulations  which  have  significant  effects 
on  operating  conditions  is  essential  for  naval 
operations. 

Land  and  Sea  Breezes 

Ocean  breezes  generally  occur  on  a  summer 
afternoon  near  a  coastline.  When  an  air  mass  is 
stationary  over  a  coastline  and  the  land  surface 
is  warmer  than  the  sea  surface  as  a  result  of 
radiation  heating,  an  onshore  breeze  is  produced 
at  the  surface,  with  an  outward  drift  aloft.  At 
night,  the  radiation  cooling  of  the  land  is  greater 
than  that  of  the  sea;  the  horizontal  temperature 
gradient  is,  therefore;  normally  reversed.  This 
produces  the  offshore  breeze,  which  reaches  its 
maximum  about  dawn.  The  land  and  sea  breeze 
phenomenon  is  purely  local.  Its  influence  does 
not  extend  far  from  the  coastline  and  seldom 
exceeds  a  height  cf  3,000  feet. 

Monsoon  Winds 

^'onsoon  winds  are  characterized  by  a  ten- 
dency toward  a  reversal  in  prevailing  wind 
direction  between  winter  and  summer. 

Because  of  the  great  size  of  the  continent,  the 
monsoon  is  most  developed  over  eastern  and 
southern  Asia.  However,  monsoons  in  modified 
form,  or  monsoon  tendencies  are  characteristic 
of  other  regions  as  well.  Southeastern  United 
States,  northern  Australia,  Spain,  and  South 
Africa  are  regions  with  monsoon  tendencies. 
These  land  areas  are  not  extensive  enough  to 
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cause  a  complete  seasonal  reversal  of  winds,  as 
does  Asia,  but  they  produce  partial  monsoons, 
which  have  a  significant  effect  on  the  amount  of 
seasonal  rainfall.  ' 

Regions  with  strong  monsoon  tendencies  usu- 
ally are  on  the  eastern  sides  of  continents.  This 
is  especially  true  in  the  middle  latitudes,  since 
the  .western  or  windward  coasts  are  distinctly 
marine  in  character,  with  only  small  changes  in 
temperature  from  winter  to  summer.  It  is, 
therefore,  only  on  the  more  continental  eastern, 
or  leeward,  sides  that  sufficiently  large  seasonal 
extremes  of  temperature  can  develop  to  produce 
a  wind  reversal. 

Monsoon  air,  as  observed  over  India  and 
Burma,  consists  of  unmodified  equatorial  air 
during  the  summer  monsoon  and  of  highly 
modified  cP  air  during  the  winter  season.  The 
weather  conditions  during  the  summer  monsoon 
consist  of  cloudy  weather  with  almost  contin- 
uous rain  and  widespread  shower  activity.  High 
temperatures  and  humidities  are  the  rule. 
Weather  conditions  during  the  winter  monsoon 
are  dominated  by  the  dry,  adiabatically  warmed 
polar  air  flowing  toward  the  Equator.  It  is 
during  this  time  that  generally  pleasant  weather 
prevails  over  most  of  the  area  influenced  by 
monsoon  conditions. 

The  reverse  of  this  condition  occurs  along  the 
east  coast  of  Indochina,  particulariy  the  north- 
ern coastal  sections  of  Vietnam.  During  the 
winter  the  cP  air  flowing  southward  over  the 
East  and  South  China  Seas  becomes  sufficiently 
modified  to  produce  extensive  cloudiness  and 
drizzle  to  this  area.  This  phenomenon  is  called 
the  "Cracliin." 

Ravine  Winds 

CHARACTERISTICS.-Strong  winds  often 
blow  along  deep  valleys  or  ravines  that  break 
across  mountain  ranges.  Some  of  the  highest 
observed  wind  velocities  have  occurred  in  such 
valleys.  The  mistral  of  southern  France  and  the 
bora  of  Trieste  (located  on  the  Adriatic  Sea  in 
northeastern  Italy)  are  among  the  best  known  of 
a  large  group  of  such  winds.  All  ravine  winds  are 
characterized  by  their  violence,  and  most  of 
them  have  a  marked  seasonal  variation.  It  is 
believed  that  ravine  winds  are  due  to  a  pressure 
gradient  acting  along  the  ravine.  The  wind  blows 
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directly  from  high  pressure  to  low,  along  the 
ravine;  the  wind  speed  increases  with  distance 
from  the  source,  reaching  a  maximum  as  it 
emerges  at  the  low-pressure  end  of  the  ravine. 

The  wind  occurs  more  frequently  in  winter 
than  in  summer.  It  is  strongest  and  most 
frequent  in  the  early  morning. 

RAVINE  WINDS  OF  THE  UNITED 
STATES. -Many  example^i  of  ravine  winds  are 
found  in  the  Pacific  Coast  Ranges  and  the 
coastal  areas  of  the  United  States.  The  best 
known  include  the  following: 

1.  The  gales  in  the  Columbia  River  Gorge 
across  the  Cascades. 

2.  The  southeasterly  winds  through  the  San 
Joaquin  Valley  in  California. 

3.  The  Santa  Ana  wind  in  the  Los  Angeles 
region.  The  Santa  Ana  blows  through  the  Cajon 
Pass  between  the  San  Gabriel  and  the  San 
Bernardino  ranges.  At  the  high-pressure  end  over 
the  Mojave  Desert,  speeds  are  low,  but  15  miles 
farther  south,  speeds  often  exceeds  50  mph.  At 
the  low-pressure  end,  it  may  exceed  60  mph  for 
many  hours.  The  Santa'  Ana  blows  only  in  the 
winter  half  of  the  year,  as  the  temperature 
discontinuity  responsible  for  the  pressure  gradi- 
ent along  the  Cajon  Pass  is  absent  at  other  times. 
This  is  generally  true  of  the  Pacific  Coast  ravine 
winds. 

OCEANIC  WEATHER 

Since  the  naval  vessels  of  the  United  States 
now  operate  regularly  in  virtually  all  the  oceanic 
areas  of  the  earth,  you  as  Aerographer's  Mates 
must  be  acquainted  with  oceanic  weather.  Some 
general  considerations  of  the  weather  encoun- 
tered over  ocean  areas  are  given  in  this  section. 

Because  land  and  water  heat  and  cool  at 
different  rates,  the  location  of  continents  and 
oceans  greatly  affects  the  earth's  pattern  of  air 
temperature  and  therefore  influences  the 
weather. 

Since  the  upper  layers  of  the  ocean  are  nearly 
always  in  a  state  of  motion,  heat  loss  or  heat 
gains  occurring  at  the  sea  surface  are  distributed 
throughout  large  volumes  of  water.  This  mixing 
process  sharply  reduces  the  temperature  con- 
trasts between  day  and  night  and  between 
winter  and  summer. 


Oceanic  Weather  Control 

It  has  been  long  recognized  that  the  influence 
of  the  ocean  plays  an  important  part  in  climate 
and  weather,  particularly  in  the  realm  of  temper- 
ature, humidity,  and  precipitation.  This  is  only 
natural,  since  three-fourths  of  the  earth's  surface 
is  covered  by  water. 

The  two  cUmatic  extremes  that  relate  to 
water  and  land  distribution  over  the  earth  are 
MARITIME  and  CONTINENTAL.  Continental 
climate  is  generally  evidenced  by  a  wide  range  in 
annual  and  diurnal  temperatures,  little  cloudi- 
ness, and  little  precipitation.  Continental  climate 
is  a  product  of  a  minimum  influence  by  the 
oceans.  Maritime  climate,  on  the  other  hand, 
prevails  over  the  oceans,  which  spawn  it.  Charac- 
teristically its  temperature  range  both  annual 
and  diurnal,  is  small  and  its  precipitation  and 
cloudiness  are  great.  The  great  inland  areas  of 
North  America  and  Eurasia,  for  instance,  show 
the  effect  of  being  a  great  distance  from  the 
oceans.  Much  of  the  moisture  has  been  precipi- 
tated by  the  time  the  air  masses  have  moved  to 
the  interiors  from  the  oceans,  leaving  little  for 
those  areas.  The  humidity  is  less  over  areas  away 
from  oceanic  influence,  allowing  more  of  the 
sun's  insolation  to  reach  the  earth's  surface  and 
causing  the  earth's  surface  to  lose  more  of  its 
heat  through  terrestrial  radiation;  these  proc- 
esses help  to  cause  a  large  diurnal  range  in 
temperature.  In  the  summer  the  relatively  cool 
air  masses  from  the  oceans  on  the  west  coast  of 
the  continents  are  warmed  as  they  move  inland 
and  lose  their  maritime  effect.  On  the  other 
hand,  the  relatively  warm  air  masses  in  the 
winter  are  cooled.  The  northwest  coastal  area  of 
the  United  States  shows  the  effect  of  the 
maritime  influences  of  the  Pacific  Ocean.  The 
ocean  brings  to  that  region  a  small  daily  and 
annual  range  in  temperature,  high  humidity,  and 
abundant  raiiifall. 

Water  vapor  is  considered  one  of  the  most 
important  variables  in  meteorology.  The  state  of 
the  weather  is  largely  expressed  in  terms  of  the 
amount  of  water  vapor  present  and  what  is 
happening  to  the  water  vapor.  Two  principal 
elements  of  climate,  which  are  precipitation  and 
humidity,  are  dependent  upon  water  vapor.  The 
oceans  are  the  main  source  of  water  vapor.  Thus, 
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Aerograpliefs  Mates  should  see  readily  that  the 
weather  is  largely  controlled  by  the  oceans. 

Effects  of  Air-Sea  Interchange 

The  atmosphere  and  the  oceans  have  tremen- 
dous effects  on  each  other.  These  effects  are 
principally  in  the  realm  of  temperature  and 
water  vapor.  For  a  fuller  picture  of  the  inter- 
change of  the  atmosphere  and  the  oceans,  you  as 
Aerographer's  Mates  must  consider  the  various 
processes  that  control  the  heat  balance  of  the  air 
and  sea. 

The  heat  balance  of  the  oceans  is  maintained 
by  the  processes  of  radiation,  the  exchange  of 
sensible  heat,  and  the  evaporation  and  conden- 
sation of  water  vapor  on  the  sea  surface. 

The  amount  of  radiant  energy  absorbed  by 
the  sea  depends  upon  the  amount  of  energy 
reaching  the  surface  and  the  amount  of  reflec- 
tion. When  the  sun  is  directly  overhead,  the 
amount  of  its  energy  that  is  reflected  amounts 
to  only  about  3  percent.  Even  when  the  sun  is 
30^  above  the  horizon,  the  amount  of  reflection 
is  just  6  percent.  There  is  a  rellection  of  about 
25  percent  of  the  energy  when  the  sun  is  10^ 
above  the  horizon.  (See  fig.  2-8.)  The  amount  of 
radiation  which  penetrates  the  sea  surface  de- 
pends upon  the  reflection  loss  from  the  total 
amount  of  incoming  radiation.  Reflection  loss  is 
especially  great  in  the  presence  of  waves  when 
the  sun  is  low. 

Most  of  the  energy  is  absorbed  in  the  first 
meter  of  sea  water.  This  is  true  of  tlie  clearest 
water  as  well  as  of  quite  turbid  water.  In  water 
that  is  extremely  turbid  the  absorption  is  in  the 
very  uppermost  layers.  Foam  and  air  bubbles  are 
two  major  causes  of  a  proportionately  greater 
amount  of  absorption  in  the  uppermost  meter  of 
the  sea.  However,  due  to  vertical  mixing  the  heat 
absorbed  in  the  upper  layer  is  carried  to  great 
depths  of  the  ocean,  which  acts  as  a  great 
storage  reservoir  of  heat. 

There  is  an  exchange  of  energy  between  the 
oceans  and  the  atmosphere.  The  surface  of  the 
oceans  emits  long-wave  heat  radiation,  the  en- 
ergy of  this  radiation  being  proportional  to  the 
fourth  power  of  the  surface's  absolute  tempera- 
ture. The  sea  surface  at  the  same  time  receives 
long  wave  radiation  from  the  atmosphere.  Al- 
though some  of  this  incoming  radiation  from  the 
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Figure  2*8.-Percentage  of  reflected  radiation. 

atmosphere  is  reflected  from  the  surface  of  the 
oceans,  most  of  it  is  absorbed  in  a  very  thin 
layer  of  the  water  surface,  since  at  long  wave- 
lengths the  absorption  coefficients  are  great.  The 
difference  between  the  incoming  lon^-wave  at- 
mospheric radiation  and  the  outgoing  long-wave 
radiation  from  the  sea  surface  is  known  as  the 
EFFECTIVE  BACK  RADIATION.  The  effective 
back  radiation  depends  primarily  on  the  temper- 
ature of  the  sea  surface  and  the  water  vapor 
content  of  the  atmosphere.  The  time  of  day  and 
the  season  have  little  effect  on  effective  back 
radiation,  since  the  diurnal  and  annual  variation 
of  the  sea  surface  temperature  and  of  the 
relative  humidity  of  the  air  above  the  oceans  is 
slight. 

In  order  for  conduction  to  take  place  between 
the  oceans  and  the  atmophere,  there  must  be  a 
difference  in  the  temperature  between  the  ocean 
surface  and  the  immediately  overlying  area.  On 
the  average  the  temperature  of  the  surface  of  the 
oceans  is  higher  than  that  of  the  overlying  air.  It 
might  be  expected  that  all  of  the  ocean's  surplus 
of  heat  is  either  radiated  or  conducted  to  the 
atmosphere.  This  is  not  the  case.  Only  a  small 
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percentage  of  the  oceairs  surplus  heat  is  actually 
conducted  to  the  atmosphere.  About  90  percent 
of  the  surplus  is  used  for  evaporation  of  ocean 
water. 

Due  to  the  processes  of  radiation  and  mixing, 
the  oceans  act  as  a  thermostat  relative  to  the 
atmosphere.  The  energy  stored  at  one  place 
during  one  season  may  be  given  off  at  another 
locality  and  during  a  later  season.  Hence,  there 
seems  to  be  a  constant  effort  by  the  atmosphere 
and  the  oceans  to  keep  their  temperature  in 
balance  by  an  interchange  of  heat. 

STABILITY.- As  you  know,  the  deciding 
factor  of  most  weather  phenomena  is  the  stabil- 
ity of  the  atmosphere.  Air  masses  may  become 
more  stable  or  less  stable  as  they  move  over 
ocean  surfaces.  The  temperature  contrast  be- 
tween the  ocean  surface  and  the  lowest  layers  of 
the  overlying  air  determines  whether  the  ocean 
will  cause  stability  or  instability. 

When  the  air  moving  over  the  ocean  has  a 
higher  temperature  than  that  of  the  ocean 
surface,  the  lower  layers  of  the  air  become 
stable.  As  the  air  cools  and  hovers  over  the 
ocean,  conduction  of  heat  from  the  air  to  the 
ocean  diminishes  rapidly  with  the  sharp  reduc- 
tion in  the  convective  activity  of  the  air. 

On  the  other  hand,  when  the  air  mass  is 
colder  than  the  ocean  surface  over  which  it  is 
moving,  there  is  resulting  instability,  as  the 
colder  air  is  warmed  by  the  ocean,  and  convec- 
tive activity  increases.  If  the  warming  by  the 
ocean  is  sufficiently  intense,  the  convective 
currents  may  rise  rapidly  to  such  heights  that 
thunderstorms  develop. 

MOISTURE  CONTENT.-The  interchange  of 
moisture  between  the  atmosphere  and  the 
oceans  is  one  of  tlie  most  important  features  of 
the  whole  meteorological  picture.  Without  this 
interchange,  weather  as  we  know  it  could  not 
exist:  there  would  be  no  clouds  and  no  precipita- 
tion. The  oceans  are  by  far  the  greatest  source  of 
moisture  for  the  atmosphere.  Other  moisture 
sources  are  negligible  in  comparison. 

Whether  the  atmosphere  gives  up  some  of  its 
moisture  to  the  ocean  or  vice  versa,  depends 
greatly  upon  the  vapor  pressures  of  the  two. 
You  may  recall  that  vapor  pressure  is  the 
pressure  exerted  by  the  molecules  of  water 
vapor  m  the  atmosphere  or  over  the  surface  of 
liquid  water.  When  the  vapor  pressure  of  a  liquid 
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is  equal  to  that  of  the  atmosphere  above  the 
liquid,  there  is  little  or  no  apparent  interchange 
of  moisture.  In  other  words,  at  equal  vapor 
pressure,  as  many  molecules  escape  from  the 
liquid  to  the  atmosphere  as  reenter  the  liquid 
from  the  atmosphere.  This  would  be  true  of  air 
that  had  become  saturated.  The  saturation  vapor 
pressure  increases  with  increasing  temperature. 

If  the  temperature  of  the  surface  water  of  the 
ocean  is  warmer  than  that  of  the  air,  the  vapor 
pressure  of  the  water  at  its  surface  is  greater 
than  that  of  the  air.  When  this  condition  exists, 
there  can  be  abundant  evaporation  from  the 
ocean  surface.  This  evaporation  will  be  aided  by 
the  turbulence  of  the  air  brought  on  by  the 
unstable  condition  of  the  lowest  layers.  It 
follows,  then,  that  the  greatest  evaporation  takes 
place  when  cold  air  flows  over  warm  ocean 
waters. 

Let  us  consider  the  opposite  condition— warm 
air  flowing  over  a  relatively  cold  body  of  water. 
When  this  happens,  there  is  stable  stratification 
in  the  lowest  layers  of  the  atmosphere.  The 
vapor  pressure  of  the  air  soon  reaches  a  state  of 
equilibrium  with  that  of  the  water  surface. 
Evaporation  stops.  However,  if  the  warm  air  is 
quite  moist,  it  is  possible  for  the  moisture  in  the 
air  to  condense  on  the  water  surface.  Contact  of 
the  warm  air  with  the  cold  water  may  result  in 
the  formation  of  fog  by  lowering  the  air 
temperature  to  the  dewpoint. 

The  direct  interchange  of  moisture  from  the 
atmosphere  to  the  oceans  is  in  the  nature  of 
precipitation  and,  to  a  minor  extent,  of  conden- 
sation of  moisture  upon  the  ocean  surface.  The 
direct  interchange,  however,  is  iiot  as  meteoro- 
logically important  as  the  indirect  interchange. 
The  indirect  interchange  is  in  the  nature  of  the 
runoff  from  the  land  surfaces,  which  follows  a 
sequence  of  events  beginning  with  the  evapora- 
tion of  water  from  the  ocean  surfaces  and 
ending  with  the  subsequent  condensation  and 
precipitation  over  land  areas.  It  may  be  thought 
that  there  is  more  precipitation  over  the  oceans 
than  over  the  land.  This  is  not  always  the  case, 
as  the  ocean  surfaces  do  not  favor  precipitation 
nearly  as  much  as  land  surfaces. 

The  relatively  low  evaporation  in  the  tropical 
latitudes  is  attributed  to  the  high  relative  humid- 
ities of  the  atmosphere  and  the  low  wind  speeds 
of  the  equatorial  belt.  In  the  middle  and  high 
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latitudes  the  lower  relative  humidities  and  higher 
wind  speeds  favor  the  evaporation  from  the 
warm  surfaces  to  the  relatively  cold  air. 

The  moisture  supplied  to  the  atmosphere  in 
the  higher  latitudes  varies  greatly  from  winter  to 
summer.  During  the  summer  months,  the  air 
over  the  sea  surfaces  is  usually  as  warm  as  or 
warmer  than  the  sea  surfaces.  In  this  case, 
evaporation  is  at  a  minimum.  On  the  other  hand, 
the  air  is  colder  than  the  ocean  surfaces  during 
the  winter,  and  evaporation  is  at  a  maxinuniK 

Equatorial  and  Tropical  Weather 

In  the  ten^perate  zone,  where  westerly  winds 
predominate,  pressure  patterns  move  in  an 
easterly  direction.  In  the  tropics,  however, 
weather  moves  in  the  opposite  direction.  The 
normal  moist  layer  is  5.000  to  8,000  feet  deep, 
rising  above  12,000  feet  during  periods  of 
unfavorable  weather.  Convergence  occurs  in 
opposing  trade  wind  streams,  northward  flowing 
air,  and  cyclonic  curvature.  The  deep,  moist 
layer  and  the  convergence  account  for  the 
weather  in  equatorial  and  tropical  regions. 

Tropical  cyclones,  waves  in  the  easterli.  the 
intertropical  convergence  zone,  and  other  bad 
weather  zones  are  discussed  in  chapter  12  of  this 
training  manual. 

North  Atlantic  and 
North  Pacific  Oceans 

POLAR  FRONTAL  ACTIVITY.^In  winter, 
the  most  favorable  conditions  for  vigorous 
frontal  activity  are  concentrated  along  the  east 
coasts  of  North  America  and  Asia.  Cold  air 
masses  from  continental  sources  meet  warm 
moist  air  from  over  the  oceans.  The  warm  ocean 
currents  along  these  coasts  greatly  accentuate 
the  frontal  activity.  The  great  difference  in  the 
temperature  of  the  air  masses,  caused  by  the 
contrasting  characteristics  and  proximity  of 
their  sources  and  the  great  amount  of  moisture 
that  feeds  into  the  air  from  the  warm  ocean 
currents,  accounts  for  the  intensity  and  persist- 
ence of  these  frontal  zones  off  east  coasts  in 
winter.  Modification  of  the  air  masses  as  they 
sweep  eastward  across  the  ocean  causes  the 
modified  frontal  activity  of  wesi  coasts.  See 
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figures  2-6  and  2-7  for  the  location  of  the 
following  frontal  zones, 

1,  Polar  Fronts  in  the  Atlantic.  In  the  Atlan- 
tic, the  polar  front  of  winter  swings  back  and 
forth  between  the  West  Indies  and  the  Great 
Lakes  area,  with  a  maximum  of  intensity  when 
the  front  coincides  with  the  coastline.  Waves 
with  cold  and  warm  fronts  form  along  this  polar 
front  and  move  northeastward  along  the  front. 
Like  all  cyclonic  waves,  they  develop  low- 
pressure  centers  along  the  frontal  trough.  They 
may  grow  into  severe  disturbances  and  go 
through  the  usual  stages  of  development;  forma- 
tion, growth,  occlusion,  and  dissipation. 

These  cyclonic  waves  occur  in  families.  Each 
family  of  waves  is  associated  with  a  southward 
surge,  or  outbreak,  of  cold  polar  air.  The  polar 
front  commonly  extends  approximately  through 
the  Great  Lakes  area.  As  the  polar  air  advances, 
it  pushes  the  front  southward.  The  outbreak 
occurs,  and  polar  air,  joining  the  trade  winds, 
spills  equatorward. 

There  is  no  regular  time  interval  for  the  large 
outbreaks  of  polar  air.  but  the  average  period 
between  them  is  about  5  1/2  days.  Under 
average  conditions,  there  are  from  three  to  six 
cyclonic  waves  on  the  polar  front  between  each 
outbreak  of  polar  air.  The  first  of  these  usually 
travels  along  the  front  that  li^^s  farthest  to  the 
north.  As  the  polar  air  accumulates  north  of  the 
front,  the  front  is  pushed  southward,  and  the 
last  wave  therefore  follows  a  path  that  starts 
farther  south  than  the  path  followed  by  the  first 
wave.  Thesc^  families  of  polar  front  cyclones 
appear  most  regulariy  over  the  North  Atlantic 
and  North  Pacific  in  winter. 

During  the  summer  months,  the  polar  front  of 
the  Atlantic  recedes  to  a  location  near  the  Great 
Lakes  region,  with  the  average  summer  storm 
track  extending  from  the  St.  Lawrence  Valley, 
across  Newfoundland,  and  on  toward  Iceland. 
Polar  outbreaks,  with  their  accompanying  family 
groupings  of  cyclones,  are  very  irregular  in 
sunnner  and  often  do  not  exist  at  all.  Frontal 
activity  is  more  vigorous  in  winter  than  in 
summer  because  the  polar  and  tropical  air 
masses  have  greater  temperature  contrasts  in 
winter,  and  polar  highs  reach  maximum  develop- 
ment in  winter.  Both  of  these  factors  increase 
the  speed  of  winds  pouring  into  fronts.  Over 
oceans  of  middle  latitudes,  a  third  factor  helps 
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to  make  winter  fronts  more  vigorous  than 
summer  fronts.  In  winter,  continental  air  be- 
comes very  unstable  when  it  moves  over  the 
comparatively  warm  ocean  suiface;  in  summer, 
it  remains  relatively  stable  over  the  compara- 
tively cool  ocean.  Summer  frontal  activity  (in 
middle  latitudes)  is  therefore  weak  over  oceans  as 
well  as  over  land.  The  high  moisture  content  of 
maritime  air  causes  much  cloudiness,  but  this 
moisture  adds  little  energy  to  frontal  activity  in 
the  relatively  stable  summer  air. 

2.  The  polar  front  activity  of  the  Pacific  is 
similar  to  that  of  the  Atlantic,  except  that  in 
winter  there  are  usually  two  fronts.  When  one 
high  dominates  the  subtropical  Pacific  in  the 
winter  season,  the  Pacific  polar  front  forms  near 
the  Asiatic  coast.  This  front  gets  its  energy  from 
the  temperature  contrast  between  cold  northerly 
monsoon  winds  and  the  tropical  maritime  air 
masses  they  meet,  and  from  the  warm,  moist 
Japan  Current.  In  moving  along  this  polar  front 
of  the  Asiatic  North  Pacific  in  winter,  storms 
occlude  before  reaching  the  Aleutian  Islands  or 
the  Gulf  of  Alaska.  Because  of  its  steady 
cyclonic  circulation,  the  Aleutian  low  becomes  a 
focal  center,  or  a  gathering  point,  for  cyclones. 
The  occluded  fronts  move  around  its  southern 
side  like  wheel  spokes.  This  frontal  movement  is 
limited  to  the  southern  side  of  the  Aleutian  low 
because  mountains  and  the  North  American 
winter  high-pressure  center  prevent  fronts  from 
passing  northward  through  Alaska  without  con- 
siderable modification. 

When  cold  season  cyclones  reach  the  Aleu- 
tians and  the  Gulf  of  Alaska,  cold  continental 
winds  from  the  Arctic  feed  them  from  the 
north,  and  cool  mP  winds  from  the  ocean  feed 
them  from  the  south.  Here,  where  Arctic  air 
meets  maritime  air  over  relatively  warm  water,  is 
the  Pacific  Arctic  front  of  winter.  Although 
many  occluded  storms  dissipate  in  the  Gulf  of 
Alaska,  others  become  strongly  regenerated  with 
waves  developing  on  the  occluded  fronts. 

When  tne  Pacific  subtropical  high  divides  into 
two  cells  or  segments  (as  it  does  50  percent  of 
the  time  in  winter  and  25  percent  of  the  time  in 
summer),  a  front  forms  in  the  vicinity  of  the 
State  of  Hawaii.  Along  this  front,  the  Kona 
storms  develop  and  move  northeastward.  Those 
that  succeed  in  moving  beyond  the  realm  of  the 
northeast  trades,  which  stunt  them,  may  develop 
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quite  vigorously  and  advance  to  the  American 
coast,  generally  occluding  against  the  mountains. 
When  this  second  polar  front  exists,  two  systems 
of  cyclonic  disturbances  move  across  the  Pacific. 
Because  of  their  greater  sources  of  energy, 
however,  storms  that  originate  over  the  Japan 
Current  and  move  toward  the  Aleutians  are 
always  more  severe.  In  the  Atlantic,  a  second 
polar  front,  similar  in  nature  and  cause  to  the 
second  polar  front  of  the  Pacific,  sometimes- 
though  rarely-develops. 

During  the  summer  months,  the  Pacific  polar 
front  lies  to  the  north  of  Kamchatka  and  the 
Aleutians  and  shows  no  rhythmic  polar  out- 
breaks. 

AIR-MASS  WEATHER.-FIying  weather  is 
usually  at  its  best  in  tropical  maritime  air  at  its 
source,  within  the  subtropical  highs.  Scattered 
cumulus  and  then  patches  of  stratocumulus 
clouds  may  develop,  but  the  sky  is  almost  never 
overcast  and  the  scant  precipitation  falls  in 
scattered  showers.  Variable,  mild  winds  prevail. 

The  excellent  flying  weather  of  these  mT 
source  regions  commonly  extends  througli  the 
moving  air  masses  some  distance  from  the 
sources.  Cloudiness  in  the  mT  air  increases  with 
increase  in  distance  from  the  source.  On  flights 
from  Hawaii,  or  from  the  Azores  northward 
through  northward-moving  mT  air,  stratiform 
clouds  increase  to  the  north.  On  flights  from 
Hawaii  or  the  Azores  southward  through 
southward-moving  mT  air  (or  the  northeast 
trades),  cumuliform  clouds  increase.  (We  are  here 
considering  only  Northern  Hemisphere  situa- 
tions, A  comparable  pattern  exists  in  the  South- 
ern Hemisphere.)  (See  figure  2-9  for  winds  and 
stability  conditions  around  the  subtropical 
high.) 

A  typical  breakdown  of  the  weather  condi- 
tions which  may  be  encountered  in  air  masses 
around  the  subtropical  highs  is  as  follows: 

1,  North  of  a  Subtropical  High,  Any  mT  air 
that  moves  noichward  becomes  chilled  over  the 
cool  ocean  surface,  A  stratus  overcast  may  form, 
and  drizzle  may  fall.  Farther  north,  low  ceilings 
(usually  below  1,000  feet)  may  reach  the  sur- 
face, producing  fog.  The  mT  air  surges  farthest 
north  in  summer,  for  then  subtropical  highs  are 
best  developed  and  polar  fronts  lie  farthest 
north.  This  mT  air  brings  most  of  the  summer 
fogginess  to  northern  seas  and  coasts.  It  brings 
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Figure  2-9.--Wind$  and  stability  cc 

greatest  fogginess  in  the  Atlantic  where  it  blows 
from  over  the  warm  Gulf  Stream  to  over  the 
cold  Labrador  Current  (near  Newfoundland), 
and  in  the  Pacific  where  it  blows  from  over  the 
warm  Kuroshio  Current  to  over  the  cold 
Oyashio  Current  (near  Kamchatka). 

2.  East  of  a  Subtropical  High.  Along  the 
California  coast,  and  along  the  Atlantic  coast  of 
North  Africa,  the  mT  air  blows  from  the  west 
and  the  northv-st.  This  air  tends  to  remain 
stable  for  the  following  reasons: 

a.  It  is  coming  from  the  northern,  cooler 
portion  of  the  source  region. 

b.  Its  surface  layers  remain  cool,  because  it 
moves  over  cold  ocean  currents. 

c.  Its  upper  portions  warm  .^diabatically 
because  of  subsidence. 

Througliout  the  year,  airways  are  smooth. 
The  skies  are  clear  to  partly  cloudy.  Clouds  are 
genetuUy  patches  of  stratocumulus,  and  rain  is 
rare.  The  chief  flight  hazard  in  this  air  is  coastal 
fog,  which  often  hides  the  California  or  Furo- 
pean  coastal  land.  Stratus  and  stratocumulus 
clouds  may  cause  the  sky  to  be  overcast,  develop 
low  ceilings,  and  produce  drizzle  that  reduces 
visibility. 

3.  South  of  a  Subtropical  High.  Where  the 
mT  air  moves  southward  or  southwestward  (as 
trade  winds),  its  lower  layers  are  warmed  by  the 
tropical  ocean  surface.  This  produces  scattered 
cumulus.  Near  the  Equator,  after  absorbing 
much  moisture  and  being  heated,  this  air  may 
develop  cumulonimbus. 

4.  West  of  a  Subtropical  Higli.  This  mT  air 
blows  from  the  east  and  the  southeast.  Since  it 
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itions  around  the  subtropical  high. 

flows  over  warm  water  all  of  the  way,  the  air 
neither  chills  nor  heats.  Over  the  ocean  near  the 
PliiHppines  (and  near  Florida  and  the  West 
Indies),  this  trade  wind  brings  good  flying 
weather-clear,  or  with  scattered  cumulus 
clouds.  When  it  moves  over  land,  this  warm, 
moist  air  becomes  unstable  and  turbulent  and  is 
a  source  of  thunderstorms.  When  it  moves  over 
cold  land  (for  example,  southeastern  United 
States  in  winter),  it  becomes  stable  and  produces 
stratus  clouds  or  fog.  Over  cold  ocean  surfaces, 
such  as  the  Sea  of  Japan  and  the  Kamchatka  and 
Labrador  Currents,  it  develops  the  persistent  low 
stratus  and  fogs  characteristic  of  these  areas. 

ARCTIC  AND  ANTARCTIC  WEATHER 

Geographically  we  think  of  the  Arctic  zone  as 
being  north  of  66.5''  N  lat  and  the  antarctic 
zone  south  cf  ♦he  Antarctic  Circle  at  66.5''  S  lat. 
Due  to  increased  operation  and  importance  of 
these  zones,  it  is  incumbent  upon  the  Aero- 
grapher's  Mate  to  familiarize  himself  with  the 
prevailing  weather  and  peculiarities  of  these 
regions.  Only  a  brief  resume  of  the  weather 
conditions  of  these  zones  is  given  here.  Many 
recently  published  texts  and  research  papers 
provide  additional  information  on  these  zones. 

Arctic  Weather 

Today  the  Arctic  is  rapidly  becoming  the 
aerial  crossroads  of  the  world.  Tliis  is  not  only 
due  to  the  shorter  Arctic  routes  between  some 
of  the  major  cities  of  the  world,  but  also  because 
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nying  weatlier  over  the  Arctic  is  generally  better 
than  that  encountered  over  the  familiar  ocean 
routes.  As  we  learn  more  about  Arctic  weather 
and  its  effects  upon  tlying,  Arctic  flying  will 
become  even  more  common. 

To  understand  some  of  the  iniportara  prob- 
lems of  the  Arctic,  the  broad,  underlying  causes 
of  the  Arctic  climate  must  be  understood. 

SEASONAL  TEMPERATURE  VARI- 
ATIONS.-From  our  previous  discussion  of  cli- 
matic controls  we  have  seen  that  t'ne  most 
important  factor  that  determines  the  climate  of 
any  area  is  the  amount  of  energy  it  receives  from 
the  sun. 

Look  back  to  figure  2-2  and  you  will  note 
that  during  the  winter  much  of  the  Arctic 
receives  little  or  no  direct  heat  from  the  sun.  In 
comparison  notice  the  amount  of  sunlight  re- 
ceived at  different  latitudes.  The  cold,  winter 
temperatures  common  in  the  Arctic  result  from 
a  lack  of  the  sun's  energy. 

Since  the  energy  from  the  sun  is  not  the  only 
factor  responsible  for  the  climate,  we  must 
consider  two  other  factors:  the  land-sea-ice 
distribution  and  mountain  barriers.  All  three 
contribute  to  the  tremendous  variation  in  cli- 
mate at  different  points  at  the  same  latitude  in 
the  Arctic. 

1.  Land-sea-ice  features.  In  the  Northern 
Hemisphere,  the  water  features  are  the  Arctic, 
the  North  Atlantic,  and  North  Pacific  Oceans. 
Tliese  bodies  of  water  act  as  temperature  mod- 
erators since  they  do  not  have  large  temperature 
variations.  The  major  exception  to  this  is  when 
large  areas  are  covered  by  ice  in  winter.  The  land 
features  are  the  northern  bulk  of  Eurasia,  the 
smaller  continent  of  North  America,  the  island 
area  of  Greenland,  and  the  Canadian  Archi- 
pelago, As  opposed  to  the  water  areas,  the  land 
areas  tend  to  show  the  direct  results  of  the 
extremes  of  sea<;onaI  heating  and  cooling  by 
their  seasonal  temperature  variations. 

2.  Mountains.  TI  Arctic  mountain  ranges  of 
Siberia  and  No- '  America  are  factors  which 
contribute  to  tiK  Jimate  and  air-mass  charac- 
teristics of  the  regions.  These  mountain  barriers, 
as  in  midlatitudes,  restrict  the  movement  of  air. 
During  periods  of  weak  circulation  the  air  is 
blocked  by  the  ranges  and  remains  more  or  less 
stagnant  over  the  area.  It  is  during  these  periods 
that  the  air  acquires  the  temperature  and  mois- 
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ture  characteristics  of  the  underiying  surface. 
Thus,  these  areas  are  air-mass  source  regions,  and 
they  are  particulariy  effective  as  source  regions 
during  the  winter  when  the  surface  is  covered 
with  snow  and  ice. 

The  Greenland  icecap  is  essentially  a  moun- 
tain range  and  rises  to  a  height  in  excess  of 
10,000  feet  above  mean  sea  level.  It  restricts  the 
movement  of  weather  systems,  often  causing 
low-pressure  centers  to  move  northward  along 
the  west  coast  of  Greenland,  resulting  in  some  of 
the  largest  rates  of  falling  pressure  (other  than 
hurricanes  and  tornadoes)  recorded  anywhere  in 
the  world.  The  deep  low  centers  that  move  along 
the  west  coast  of  Greenland  are,  in  the  main, 
primarily  responsible  for  the  occasional  higli 
winds  that  are  recorded  in  that  area. 

On  some  occasions,  the  winter  temperatures 
the  Arctic  are  unusually  high.  This  situation  is 
b  ought  about  by  deep  low  centers  moving  into 
the  Arctic,  coupled  with  compression  of  air  (the 
foelin  effect)  as  it  often  blows  down  off  the 
sloping  edges  of  the  icecaps,  primarily  the 
Greenland  icecap. 

ARCTIC  AIR  MASSES.-The  moisture  con- 
tent of  air  masses  that  originate  over  land  is  low 
at  all  altitudes  in  winter.  The  distinction  be- 
tween air  masses  almost  disappears  during  the 
summer  because  of  the  neariy  uniform  surface 
conditions  over  the  Arctic  and  subpolar  regions. 
The  frozen  surface  thaws  under  the  influence  of 
lengthened  or  continual  dayliglit:  the  snow  melts 
from  the  glaciers  and  pack  ice:  the  ice  melts  in 
the  lake  areas  in  the  Arctic;  and  the  water  areas 
of  the  polar  basin  increase  niaikedly.  Thus,  the 
polar  area  becomes  mild,  humid,  and  semimari- 
time  in  character.  Temperatures  are  usually 
between  freezing  and  50°F.  Occasionally,  strong 
disturbances  from  the  south  increase  the  temper- 
ature for  short  periods.  Daily  extremes,  horizon- 
tal differences  and  day-to-day  variabilities  are 
slight. 

During  the  winter  months  the  air  masses  are 
formed  over  an  area  that  is  completely  covered 
by  ice  and  snow.  The  air  masses  are  character- 
ized by  very  cold  surface  air  and  a  large 
temperature  inversion  in  the  lowest  few  thou- 
sand feet.  Since  the  amount  of  moisture  the  air 
can  hold  is  directly  dependent  on  the  temper- 
ature, the  cold  Arctic  air  is  very  dry  (low 
absolute  humidity).  The  air  mass  that  originates 

33 

39 


AEROGRAPHER'S  MATE  1  &  C 


over  oceans  does  not  have  a  surface  temperature 
inversion  in  winter;  the  surface  air  temperature 
is  warmer  and  there  is  a  corresponding  increase 
in  the  moisture  content  of  the  air.  It  is  during 
movement  inland  of  moist  air  from  the  wanner 
water  that  most  of  the  rather  infrequent  Arctic 
cloudiness  and  precipitation  occurs  during  this 
season. 

During  the  summer  months,  the  large  expanse 
of  open  water  and  warmer  temperatures  lesult  in 
a  somewhat  more  abundant  supply  of  moisture. 
Consequently,  the  largest  amount  of  cloudiness 
and  precipitation  occurs  during  these  summer 
months. 

ARCTIC  FRONTS.^The  weather  associated 
with  a  front  in  the  Arctic  has  much  the  same 
cloud  structure  as  with  midlatitude  fronts,  ex- 
cept that  the  middle  and  high  cloud  types  are 
generally  much  lower,  and  the  precipitation  is 
usually  in  the  form  of  snow. 

Periods  of  maximum  surface  wind  usually 
occur  during  and  just  after  a  frontal  passage. 
This  strong  windflow  often  creates  hazards,  such 
as  blowing  snow  and  turbulence  which  make 
operational  flying  difficult. 

The  best  flying  weather  in  the  Arctic  over 
land  is  most  likely  to  occur  in  midsummer  and 
midwinter;  the  worse  (low  ceilings  and  visibili- 
ties) in  the  transition  period  between  the  two 
seasons.  Winter  is  characterized  by  frequent 
storms  and  well-defined  frontal  passages,  but 
because  of  the  dryness  of  the  air,  cloudiness  and 
precipitation  are  at  a  minimum.  In  summer, 
there  are  fewer  storm  passages  and  fronts  are 
weaker;  however,  the  increased  moisture  in  the 
air  results  in  more  widespread  clouds  and  pre- 
cipitation. Over  the  sea  areas  the  summer 
weather  is  very  foggy,  but  winds  are  of  lower 
speeds  than  in  winter. 

During  the  transition  periods  of  spring  and 
fall,  operational  flying  conditions  are  usually  the 
worst.  Frontal  systems  are  usually  well  defined, 
active,  and  turbulent.  Icing  may  extend  to  higli 
levels. 

TEMPERATURES  IN  THE  ARCTIC-^Tem- 
peratures  in  the  Arctic,  as  one  might  expect, 
are  very  cold  most  of  the  year.  But  contrary  to 
common  belief,  the  interior  areas  of  Siberia, 
Northern  Canada,  and  Alaska  have  pleasantly 
warm  summers  with  many  hours  of  sunshine 


each  day.  There  are  large  differences  in  tempera- 
ture  between  the  interior  and  coastal  areas. 

In  the  Ulterior  during  the  summer  days, 
temperatures  often  climb  to  the  mid  60's  or  low 
70's  and  frequently  ri.se  to  the  higli  70\s  or  low 
80's,  occasionally  even  into  the  90's.  Fort 
Yukon,  Alaska,  which  is  just  north  of  the  Arctic 
Circle  has  recorded  an  extreme  high  temperature 
of  IOO°F,  wliile  Verkhoyansk  in  north  central 
Siberia  has  recorded  94°F. 

During  winter,  the  interior  areas  of  Siberia, 
northern  Canada,  and  Alaska  act  as  a  source 
region  for  the  cold  Arctic  air  that  frequently 
moves  southward  into  the  middle  latitudes.  The 
coldest  temperatures  on  record  over  the  North- 
em  Hemisphere  have  been  established  in  Siberia, 
Oimekon,  Siberia  holds  the  record  low  with  a 
temperature  -  108"F,  Snag,  in  the  Yukon  Terri^ 
tory  of  Canada,  witnessed  the  coldest  tempera- 
ture in  North  America  with  a  record  low  of 
"S3°F. 

In  the  northern  areas  of  the  interior  regions 
during  the  winter  months,  temperature  are 
usually  well  below  zero.  In  fact,  during  these 
long  hours  of  darkness,  the  temperature  nor- 
mally falls  to  -20°F  or  -30°F,  and  in  some 
isolated  areas  the  normal  daily  minimum  tem- 
perature may  drop  to  -40°F.  In  north  centra! 
Siberia  the  normal  minimum  daily  temperature 
in  the  winter  is  between  -45°F  and  -55°F. 

The  .Arctic  coastal  regions,  which  include  the 
Canadian  Archipelago,  are  characterized  by  rela- 
tively cool,  short  summers.  During  the  summer 
months  the  temperatures  normally  climb  to  the 
40's  or  low  5.0's  and  occasionally  reach  the  60's. 
There  is  almost  no  growing  season  along  the 
coasts,  and  the  temperatures  will  fall  below 
freezing  during  all  months  of  the  year.  At  Point 
Barrow,  Alaska,  the  minimum  temperature  fails 
to  fall  below  freezing  on  only  about  42  days  a 
year. 

Over  the  Arctic  Ocean  the  temperatures  are 
very  similar  to  those  experienced  along  the 
coast;  however,  the  summer  temperatures  are 
somewhat  colder. 

Winter  temperatures  along  the  Arctic  coast 
are  very  cold  but  not  nearly  so  cold  as  those 
observed  in  certain  interior  areas.  Only  on  rare 
occasions  does  the  temperature  climb  to  above 
freezing  during  the  winter  months.  The  coldest 


ERIC 


34 

40 


Chapter  2^W0RLD  CLIMATE  AND  WEATHER 


readings  for  these  coastal  areas  are  in  the  -60*s 
and  -70*s  (degrees  Fahrenheit). 

These  figures  may  seem  surprising,  since  at 
first  one  might  think  that  the  temperatures  near 
the  North  Pole  would  be  colder  than  those  over 
the  northern  continental  interiors.  Actually  the 
flow  of  heat  from  the  water  under  the  ice  has  a 
moderating  effect  upon  the  temperature. 

CLOUDINESS.-Cloudiness  over  the  Arctic  is 
at  a  minimum  during  the  winter  and  spring  and 
at  a  maximum  during  the  summer  and  fall.  The 
average  number  of  cloudy  days  for  the  two 
6-month  periods  on  climatic  charts  shows  a 
general  decrease  in  cloudiness  in  the  entire 
Arctic  area  during  the  winter  months. 

During  the  warm  summer  afternoons  in  the 
interior  regions,  scattered  cumulus  form  and 
occasionally  develop  into  thunderstorms.  The 
thunderstorms  are  normally  scattered  and  sel- 
dom form  continuous  lines.  Along  the  Arctic 
coast  and  over  the  Arctic  Ocean  thunderstorms 
occur  infrequently.  Although  tornadoes  have 
been  observed  near  the  Arctic  Circle,  their 
occurrence  is  extremely  rare. 

WINDS.-Wind  speeds  are  generally  light  in 
the  continental  interior  during  the  entire  year. 
The  strongest  winds  in  the  interior  normally 
occur  during  summer  and  fall.  During  winter, 
the  interior  continental  regions  are  areas  of 
strong  anticyclonic  activity  which  produce  only 
light  surface  winds. 

Strong  winds  occur  more  frequently  along  the 
Arctic  coast  than  in  the  continental  interiors. 
The  frequency  with  which  those  high  winds 
occur  in  coastal  areas  is  greater  in  fall  and  winter 
than  during  summer.  These  winds  frequently 
cause  blowing  snow. 

Wind  speeds  greater  than  70  knots  have  been 
observed  at  many  Arctic  coastal  stations.  Strong 
winds  are  infrequent  over  the  icepack,  but  the 
wind  blows  continuously,  since  there  is  no 
hindrance  cffeied  by  natural  barriers  such  as 
hills  and  mouncains.  As  a  result  of  the  combina- 
tion of  wind  speed  and  low  temperatures,  the 
Arctic  coastal  area  and  the  area  over  the  icepack 
are  very  uncomfortable  and  limit  outdoor 
human  activity. 

PRECIPITATION.-Precipitation  amounts  are 
small,  varying  from  5  to  15  inches  annually  in 
the  continental  interior  and  3  to  7  inches  along 
the  Arctic  coastal  area  and  over  the  icepack.  The 


climate  over  the  Arctic  Ocean  and  adjoining 
coastal  areas  is  as  dry  as  some  of  the  desert 
regions  in  the  United  States.  Most  of  the  annual 
precipitation  falls  as  snow  on  the  Arctic  Ocean 
and  adjacent  coastal  areas  and  icecaps.  On  the 
other  hand,  most  of  the  annual  precipitation 
falls  as  rain  over  the  interior. 

RESTRICTION  TO  VISIBILITY.-Two  con- 
flicting factors  make  the  subject  of  visibility  in 
the  polar  regions  very  complex.  Arctic  air,  being 
cold  and  dry,  is  exceptionally  transparent  and 
extreme  ranges  of  visibility  are  possible.  On  the 
other  hand,  there  is  a  lack  of  contrast  between 
objects,  particularly  when  all  distinguishable 
objects  are  covered  by  a  layer  of  new  snow. 
Limitations  to  visibility  in  the  Arctic  are  pri- 
marily blowing  snow,  fog,  and  local  smoke. 
Local  smoke  Is  serious  only  in  the  vicinity  of 
larger  towns,  and  often  occurs  with  shallow 
radiation  fogs  of  winter. 

1.  Blowing  snow.  Blowing  snow  constitutes  a 
more  serious  hazaid  to  flying  operations  in  the 
Arctic  than  in  midlatitudes,  because  the  snow  is 
dry  and  fine,  and  is  easily  picked  up  by  gentle 
and  moderate  winds.  Winds  in  excess  of  8  to  12 
knots  may  raise  the  snow  several  feet  off  the 
ground,  and  the  blowing  snow  may  obscure 
surface  objects,  such  as  runway  markers. 

2.  Fog.  Of  all  the  elements  that  restrict  flying 
in  the  Arctic  regions,  fog  in  most  respects  is 
paramount.  The  two  types  of  fog  most  fre- 
quently found  in  the  polar  regions  are  advection 
and  radiation  fog. 

Fog  is  found  most  frequently  along  the 
coastal  areas  and  usually  lies  in  a  belt  parallel  to 
the  shore.  In  winter,  the  sea  is  warmer  than  the 
land.  The  moisture  in  the  relatively  warm  air 
moving  from  the  sea  condenses  over  the  cool 
land  causing  fog.  This  fog  may  be  quite  persist- 
ent. 

3.  Ice  Fog.  A  fog  condition  peculiar  to  Arctic 
climates  is  ice  fog.  Ice  fog  is  composed  of 
minute  ice  crystals  rather  than  water  droplets  of 
ordinary  fog  and  is  most  likely  to  occur  when 
the  temperature  is  about  -40'^F  or  colder. 

4.  Sea  Smoke  or  Steam  Fog.  The  cold  tem- 
peratures in  Arctic  may  have  effects  which  seem 
peculiar  to  people  unfamiliar  with  the  area. 
During  the  winter  months,  the  inability  of  the 
air    to    hold    moisture    causes   an  unusual 
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plienoinenon  ciilled  sea  smoke.  This  is  caused  by 
open  bodies  of  comparatively  warm  water  occur- 
ring simultaneously  with  low  air  ten\neratures. 
Actually,  this  phenomenon  is  about  the  same  as 
the  familiar  one  of  steam  forming  over  hot 
water. 

In  the  case  of  sea  smoke,  the  temperature  of 
both  the  air  and  the  water  is  much  lower,  but 
the  air  temperature  is  still  the  much  colder  of 
the  two,  causing  steam  to  rise  from  the  open 
water  to  form  a  fog  layer.  This  fog  occun;  over 
open  water,  particularly  over  leads  in  the  ice- 
pack, and  is  composed  entirely  of  water  droi> 
lets. 

5.  Arctic  Haze.  This  is  a  condition  of  reduced 
horizontal  and  slant  visibiHty  (but  good  vertical 
visibility)  encountered  by  aircraft  in  flight  over 
Arctic  regions.  Color  effects  suggest  this  phe- 
nomenon to  be  caused  by  very  small  ice  parti- 
cles. Near  the  ground  it  is  called  Arctic  miM  or 
frost  smoke;  and  when  the  sun  shines  on  the  ice 
particles,  they  are  called  diamond  dust. 

ARCTIC  WEATHER  PECUIJ  ARITIES.-^The 
strong  temperature  inversions  present  over  the 
Arctic  during  much  of  winter  causes  several 
interesting  phenomena.  Sound  tends  to  carry 
great  distances  under  these  inversions.  On  some 
days,  when  the  inversion  isver>  strong,  peoples 
voices  may  be  heard  over  extremely  long  dis- 
tances as  compared  to  the  normal  range  of  the 
human  voice.  Light  rays  are  bent  as  they  pass 
through  the  inversion  at  low  angles.  This  ma> 
cause  the  appearance  above  the  hon/.on  of 
objects  that  are  nomially  below  the  horizoa 
This  effect,  known  as  ^Mooming,"  is  a  fonii  of  a 
mirage.  Mirages  of  the  type  vvhich  distort  the 
apparent  shape  of  the  sun,  moon,  or  other 
objects  near  ihe  horizon  are  common  under 
inversion  conditions. 

One  of  the  most  interesting  phenomena  in  the 
Arctic  is  aurora  boreaHs  (northern  lights).  These 
lights  are  by  no  means  confined  to  the  Arctic 
but  are  brightest  at  Arctic  locations.  'I  heir 
intensity  varies  from  a  faint  glow  on  certain 
nights  to  a  glow  which  illuminates  the  surface  of 
the  earth  with  h'ght  almost  equal  to  that  of  the 
light  from  a  full  moon. 

The  reactions  resuUing  in  the  auroral  glow 
have  been  observed  to  reach  a  maximum  at  an 
altitude  of  approximately  300,000  feet. 


The  amount  of  light  from  a  snow-covered 
surface  is  much  greater  than  the  amount  re- 
flected  from  darker  surfaces  of  the  middle 
latitudes.  As  a  result,  useful  ilhimination  from 
equal  sources  is  greater  in  the  Arctic  than  in 
lower  latitudes.  When  the  sun  is  shining,  suffi- 
cient Hght  is  often  refiected  from  the  snow 
surface  to  nearly  obHterate  shadows.  This  causes 
a  lack  of  contrast,  which  in  turn  resuhs  in  an 
inability  to  distinguish  outlines  of  terrain  or 
objects  even  at  short  distances.  The  landscape 
may  merge  into  a  featureless  grayish-white  field. 
Dark  mountains  in  the  distance  may  be  easily 
recognized,  but  a  crevasse  (rift  in  a  glacier  or 
mass  of  land  ice)  immediately  in  front  of  one 
may  be  undetected  due  to  lack  of  contrast.  The 
situation  is  even  worse  when  the  unbroken  snow 
cover  is  combined  with  a  uniformly  overcast  sky 
and  the  Hght  from  the  sky  is  about  equal  to  that 
refiected  from  the  snow  cover.  In  (tus  situation  a 
person  loses  all  sense  of  depth  am^  orientation 
and  appears  to  be  engulfed  in  a  uniformly  white 
glow;  the  term  for  this  optical  phenomenon  is 
wh  iteout. 

Pilots  have  reported  that  the  Hght  from  a 
half-moon  over  a  snow-covered  field  is  sufficient 
for  hinding  purposes.  It  is  possible  cn  occasions 
to  read  a  newspaper  with  the  iHuniination  from 
a  fuH  moon  in  the  Arctic.  Even  the  illumination 
from  the  stars  creates  visibihty  far  beyond  what 
one  would  expect  elsewhere.  It  is  only  during 
periods  of  heavy  overcast  that  the  night  darkness 
begins  to  approach  the  degree  of  darkness  in 
lovyer  latitudes.  In  lower  latitudes,  south  of  (^S^'N 
latitude,  there  will  be  long  periods  of  moonlight. 
The  moon  may  stay  above  the  horizon  for 
several  days  at  a  time. 

Antarctic  Weather 

iMany  of  the  same  peculiarities  prevalent  over 
the  Arctic  regions  are  also  present  in  the 
Antarctic.  For  instance,  the  aurora  boreaHs  has 
its  counterpart  in  the  Southern  Hemisphere. 
There  the  h'ghts  are  caHed  aurora  australis.  The 
same  restrictions  to  visibiHty  exist  over  the 
Antarctic  regions  as  those  over  the  Arctic.  A  few 
of  the  other  characteristics  of  the  Antarctic 
regions  are  as  follows: 

Precipitation  occurs  in  aH  sea.sons,  with  the 
maximum  probably  occurring  in  summer.  The 
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amount  of  precipitation  decreases  poleward 
from  the  coast. 

Temperatures  are  extremely  cold.  In  winter, 
they  decrease  from  the  coast  to  the  pole,  but 
there  is  some  doubt  that  this  is  true  in  summer. 
The  annual  variation  of  temperature  as  indicated 
by  Little  America  shows  the  maximum  in 
January  and  three  separate  mininiuiiis,  with  the 
lowest  in  early  September.  Other  coastal  stations 
show  similar  variations.  A  peculiar,  and  to  date 
unexplained,  feature  of  temperature  variations 
during  the  Antarctic  night  is  the  occurrence  of 
inaxiniuni  temperature  on  cloudless  days  in  the 
early  hours  after  midnight.  On  cloudy  days,  the 
day  is  warmer  than  the  night. 

UNITED  STATES  WEATHER 

The  weather  in  the  United  States,  with  minor 
exceptions,  is  typical  of  all  weather  types  within 
the  temperate  regions  of  the  North  American, 
European,  and  Asiatic  continents.  The  general 
air  circulation  in  the  United  States,  as  in  the 
entire  temperate  zone  of  the  Northern  Hemi- 
sphere is  from  the  west  to  the  east.  All  closed 
surface  weather  systems  (highs  and  low,s)  tend  to 
move  with  this  west-toea,st  circulation.  How- 
'ever,  since  this  is  only  the  average  circulation 
and  weather  systems  move  with  the  general 
flow,  the  fronts  associated  with  the  migratory 
lows  move  southward  if  they  are  cold  fronts  and 
northward  if  they  are  warm  fronts.  Surface 
low-pressure  centers,  with  their  associated 
weather  and  frontal  systems,  are  often  referred 
to  as  cyclones.  Knowledge  of  the  mean  circula- 
tion in  the  temperate  region  makes  it  po,ssible  to 
observe  and  plot  average  storm  tracks  and  to 
forecast  future  movement  with  a  reasonable 
degree  of  accuracy. 

Certain  geographical  and  climatic  conditions 
tend  to  make  certain  areas  favorable  tor  the 
development  and  formation  of  storm  centers.  In 
the  United  States  these  areas  are  west  Texas, 
Cape  Hatteras,  central  Idaho,  and  the  northern 
portions  of  the  Gulf  of  Mexico.  Once  a  storm 
has  formed,  it  generally  follows  the  same  mean 
track  as  the  previous  storm  that  formed  in  that 
area.  The  average  or  mean  paths  are  referred  to 
as  storm  tracks. 

These  storms  are  outbreaks  on  the  polar  front 
or  the  generation  or  regeneration  of  a  storm 
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along  the  trailing  edge  of  an  old  front.  The  low 
pressure  along  these  fronts  intensifies  in  certain 
areas  as  the  front  surges  southward  ahead  of  a 
moving  mass  of  cold  air  from  the  polar  regions. 
Much  of  the  weather  in  the  Temperate  Zone  is  a 
direct  result  of  the  efTect  of  these  storms 
(especially  in  winter).  In  addition  to  the  weather 
from  the  effect  of  these  storms  is  air-mass 
weather.  Air-mass  weather  is  the  name  given  to 
all  weather  other  than  the  frontal  weather  in  the 
temperate  region.  Air-mass  weather  is  the  net 
efTect  of  local  surface  circulation,  terrain,  and 
the  modifying  efTect  of  significant  water  bodies. 
This  efTect  is  discussed  more  in  detail  in  chapter 
0. 

There  are  many  subdivisions  of  weather 
regions  in  the  United  States.  For  the  purpose  of 
this  discussion,  we  have  divided  the  United 
States  into  the  regions  as  indicated  in  figure 
2-10. 

Northwest  Pacific  Coast  Area 

The  northwest  Pacific  coast  area  has  more 
precipitation  than  any  other  region  in  North 
America.  Its  weather  is  the  result  of  frontal 
phenomena,  consisting  mainly  of  occlusions 
which  move  in  over  the  coast  from  the  area  of 
the  Aleutian  low  to  the  coast,  and  orographic 
lifting  of  moist  stable  maritime  air.  Predominant 
cloud  forms  are  stratus  and  fog  which  are 
common  to  all  seasons.  Rainfall  is  most  frequent 
in  winter  and  lea.st  frequent  in  summer. 


Southwest  Pacific  Coast  Area 

This  region  experiences  a  Mediterranean  type 
climate  and  is  distinctively  different  from  any 
other  North  American  climate.  This  type  climate 
occurs  exclusively  in  the  Mediterranean  and 
Southern  California  in  the  Northern  Hemi- 
sphere: in  the  Southern  Hemisphere  it  occurs 
over  small  areas  of  Chile,  South  Africa,  and 
Southern  Australia. 

This  type  climate  is  characterized  by  warm  to 
hot  summers,  tempered  by  sea  breezes,  and  by 
nnld  winters  during  which  the  temperatures 
seldom  go  below  fYeezing.  Little  or  no  rainfall 
occurs  in  the  summer  and  only  light  to  moderate 
rain  in  the  winter. 
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Figure  2-10.-United  States  weather  regions. 
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Cold  fronts  rarely  penetrate  the  southwest 
Pacific  coast  region.  The  weather  over  this 
region  is  due  to  the  circulation  of  moist  Pacific 
air  from  the  west  being  forced  up  the  slope  of 
the  coastal  range.  In  summer,  air  is  stable,  and 
stratus  and  fog  result.  In  winter,  unstable  air, 
which  is  forced  over  the  mountain  ranges,  causes 
showers  and  sometimes  snow  showers  in  the 
mountains. 

Intermountain  West  Central  Area 

This  area  includes  the  Great  Plains  region. 
This  region  is  located  east  of  the  Cascade  and 
Coastal  Ranges  and  west  of  the  Mississippi 
Valley,  and  north  of  the  southwest  desert  area. 
The  climate  is  generally  cold  and  dry  in  the 
winter,  and  warm  and  dry  in  summer.  Most  of 
the  region  is  semiarid.  The  western  mountain 
range,  which  acts  as  a  climatic  barrier,  has  an 
extreme  drying  effect  on  the  air  in  the  westerly 
circulation. 

The  maximum  rainfall  occurs  in  the  spring 
and  is  due  mainly  to  the  predominance  of 
cyclonic  storm  track  passages  during  this  season. 


In  midwinter  a  cold  high  is  generally  centered  in 
this  region  and  generally  prevents  the  possibility 
of  stomi  passages.  Annual  precipitation  is  light. 

Southwest  Desert  and  Mountain  Area 

This  area  includes  Lower  California  and  some 
ol  Southeast  California  and  all  the  southern  half 
ol  Arizona  and  New  Mexico  and  west  and 
southwest  Texas.  It  is  an  area  almost  completely 
surrounded  by  high  mountains  and  is  either  all 
very  arid  or  actual  desert.  Annual  rainfall  seldom 
exceeds  5  inches.  The  more  northerly  sections 
have  cold  winters,  and  all  parts  have  extremely 
hot  summers.  The  chief  flying  hazard  is  the 
predominance  of  summer  and  spring  thunder- 
storms caused  mainly  by  maritime  tropical  air 
penetrating  into  this  area  with  the  expansion  of 
the  Bermuda  high  in  summer  and  the  air  being 
forced  aloft  at  the  mountains.  For  this  reason 
nearly  all  significant  peaks  and  ranges  have 
thundershowers  building  over  them  in  spring  and 
summer.    The    thunderstorms    are  generally 
scattered  but  always  severe;  however,  they  may 
generally  be  avoided  by  circumnavigation. 
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Central  Plains  Area 

This  area  includes  the  continental  climate 
regions  of  the  Great  Plains,  Mississippi  Valley, 
and  Appalachian  Plateau  between  the  Rocky 
Mountains  to  the  west  and  the  Appalachians  to 
the  east  and  the  Gulf  States  on  the  south. 

In  the  western  section  it  is  rather  dry  but 
moisture  increases  eastward.  The  main  weather 
hazards  are  caused  by  wintertime  outbreaks 
along  the  polar  front  and  associated  wave 
phenomena.  Also,  the  development  of  convec- 
tive  type  air-mass  thunderstorms  which  are 
prevalent  over  this  area  in  summer. 

Frontal  passages,  both  cold  and  warm,  with 
associate^:  weather  are  common  in  this  area. 
Thunderstorms  are  usually  of  convective  origin 
and  are  most  violent  if  they  have  developed  in 
maritime  tropical  air.  This  occurs  often  in  the 
spring,  and  tornado  activity  becomes  a  climatic 
feature  due  to  its  frequency. 

Southeast  and  Gulf  States  Area 

This  area  includes  all  the  states  bordering  on 
the  Gulf  of  Mexico  and  South  CaroUna  and 
Georgia.  A  circulation  phenomenon  known  as 
gulf  stratus  affects  this  area.  The  stagnation  of 
southward  moving  cold  fronts,  rapidly  moving 


squall  Unes,  air-mass  thunderstorms,  and  the  gulf 
stratus  occurring  in  various  combinations  make 
this  area  an  especially  difficult  one  the 
forecaster. 

Frontal  passages  may  be  expected  only  in  the 
late  fall,  winter,  and  early  spring.  In  the  winter, 
when  the  circulation  near  the  surface  is  south- 
erly, the  warm  moist  gulf  air  is  cooled  from 
below  to  saturation.  When  this  occurs,  fog  and 
stratus  may  form  and  persist  over  the  area  for 
several  days.  The  southerly  circulation  in  sum- 
mer causes  warm  moist  air  to  be  heated  from 
below,  and  convective  thunderstorms  are  com- 
mon. Since  the  air  is  generally  quite  moist  and 
unstable,  the  storms  are  generally  severe. 


North  Atlantic  Coastal  Area 

This  is  an  area  of  storm  track  convergence, 
and  cyclonic  storm  activity  with  accompanying 
weather  is  frequent  in  winter.  Moreover,  this  is 
an  area  in  which  these  storms  are  intensified  by 
heating  and  addition  of  moisture  over  the  Great 
Lakes.  The  lake  effect  is  directly  accountable  for 
the  great  amounts  of  snowfall  often  found  over 
this  area  in  the  winter.  Generally  good  weather 
prevails  in  summer  due  to  the  dominating 
influence  of  the  Bermuda  high. 
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The  science  of  physics  is  devoted  to  finding, 
defining,  and  reaching  the  solutions  to  problems. 
Physics,  therefore,  not  only  breeds  curiosity  of 
the  surrounding  environment,  but  it  provides  a 
means  of  acquiring  answers  to  questions  which 
continue  to  arise. 

The  basic  physical  subjects  relating  to  motion, 
force,  and  energy  as  they  pertain  to  meteorology 
are  briefly  presented  in  chapter  3  of  Aerog- 
rapher's  Mate  3  &  2,  NavTra  10363-D.  It  is 
recommended  that  this  material  be  reviewed 
prior  to  continuing  with  the  more  complicated 
processes  to  be  presented  in  this  manual. 


VECTORIAL  MOTION 


FORCE 


Many  people  think  that  all  force  comes  from 
muscular  effort,  such  as  the  effort  required  to 
push  a  box  resting  on  the  deck.  However,  water 
m  a  can  exerts  force  on  the  sides  and  bottom  of 
the  can  and  an  upward  force  on  any  object  on 
the  surface  of  the  water.  A  tug  exerts  force  on 
the  ship  it  is  pushing  or  pulling.  In  all  of  these 
examples,  the  body  exerting  the  force  is  in 
contact  with  the  body  on  which  the  force  is 
exerted;  forces  of  this  type  are  called  contact 
forces.  There  are  also  forces  which  act  through 
empty  space  without  contact.  The  force  of 
gravity  exerted  on  a  body  by  the  earth-known 
as  the  weight  of  the  body-is  one  example  of 
this  type  of  force.  Forces  which  act  through 
empty  space  without  contact  are  called  action- 
at-a-distaiice  forces.  Electric  and  magnetic  forces 
are  action-at-a-distance  forces. 


Vectors 

Problems  arise  in  which  it  is  necessary  to  deal 
with  one  or  more  forces  acting  on  a  body.  To 
solve  problems  involving  forces,  a  means  of 
representing  forces  must  be  found.  A  force  is 
completely  described  when  its  magnitude,  direc- 
tion, and  point  of  application  are  given.  Because 
a  vector  is  a  line  which  represents  both  magni- 
tude and  direction,  a  vector  may  be  used  to 
describe  a  force.  The  length  of  the  line  repre- 
sents the  magnitude  of  the  force,  the  direction 
of  the  line  represents  the  direction  in  which  the 
force  is  being  applied,  and  the  starting  point  of 
the  line  represents  the  point  of  application  of 
the  force.  For  example,  to  represent  a  force  of 
10  pounds  acting  due  east  on  point  A,  draw  a 
line   10  units  long,  starting  at  point  A  and 
extending  in  a  direction  90°  clockwise  from 
north.  (See  fig.  3-1.) 
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Figure  3-1.-Exampfe  of  a  vector. 
Composition  of  Forces 
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Iftwo  or  more  forces  are  acting  simultaneously 
at  a  point,  the  same  effect  can  be  produced 
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by  a  single  force  of  the  proper  size  and 
direction.  This  single  force,  which  is  equivalent 
to  the  action  of  two  or  more  forces,  is  called  the 
resultant.  Putting  component  forces  together  to 
find  the  resultant  force  is  called  composition  of 
forces.  The  vectors  representing  the  forces  must 
be  added  to  find  the  resultant.  Because  a  vector 
represents  both  magnitude  and  direction,  the 
method  for  adding  vectors  differs  from  the 
procedure  used  for  scalar  quantities,  which  have 
no  direction. 

Consider  this  example:  Find  the  resultant 
force  when  a  vertical  force  of  5  pounds  and  a 
horizontal  force  of  10  pounds  are  applied  at 
point  A.  (See  fig.  3-2.) 
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Figure  3'3.-Graphic  method  of  the 
composition  of  forces. 
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Figure  3'2.-Composition  of  two 
right*angle  forces. 


The  resultant  force  may  be  found  as  follows: 
Represent  the  given  forces  by  vectors  AB  and 
AC  drawn  to  a  suitable  scale,  as  in  figure  3-2.  At 
points  B  and  C  draw  dashed  lines  perpendicular 
to  AB  and  AC,  respectively.  From  A  draw  a  line 
to  the  point  of  intersection  X  of  the  dashed 
lines.  Vector  AX  represents  the  resultant  of  the 
two  forces.  Thus,  when  two  mutually  perpendic- 
ular forces  act  on  a  point,  the  vector  represent- 
ing the  resultant  force  is  the  diagonal  of  a 
rectangle.  The  length  of  AX,  on  the  same  scale 
as  that  for  the  two  original  forces,  is  the  size  of 
the  resultant  force;  the  angle  0  gives  the  direc- 
tion with  respect  to  the  horizontal. 

When  it  is  desired  to  find  the  resultant  of  two 
forces  which  are  not  at  right  angles,  the  follow- 
ing graphic  method  may  be  used: 

O 
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Let  AB  and  AC  (fig.  3-3)  represent  the  two 
forces  drawn  accurately  to  scale.  From  point  C 
draw  a  line  parallel  to  AB  and  from  point  B 
draw  a  line  parallel  to  AC.  The  lines  will 
intersect  at  a  point  X,  as  shown  in  figure  3-3, 
The  force  AX  is  the  resultant  of  the  two  forces 
AC  and  AB.  Note  that  the  two  dashed  lines  and 
the  two  ©ven  forces  make  a  parallelogram 
ACXB.  Solving  for  the  resultant  in  this  manner 
is  called  the  parallelogram  method.  The  size  and 
direction  of  the  resultant  may  be  found  by 
measurement  from  the  figure  drawn  to  scale. 
This  method  applies  to  any  two  forces  acting  on 
a  point  whether  they  act  at  right  angles  or  not. 
Note  that  the  parallelogram  becomes  a  rectangle 
for  forces  acting  at  right  angles. 

Consider  the  following  problems  as  practical 
examples  of  combinmg  forces: 

1.  A  supply  barge  is  anchored  in  a  river 
during  a  storm.  If  the  wind  acts  westward  on  it 
with  a  force  of  4,000  pounds  and  the  tide  acts 
southward  on  it  with  a  force  of  3,000  pounds, 
what  is  the  direction  and  the  magnitude  of  the 
resultant  force  acting  upon  the  barge?  Figure  3-4 
shows  the  forces  acting  upon  the  barge. 

If  the  force  vectors  have  been  drawn  to  scale, 
the  magnitude  and  direction  of  the  resultant 
may  be  obtained  by  measuring  the  length  of  the 
diagonal  of  the  completed  parallelogram  and  the 
angle  the  diagonal  makes  with  a  side  of  the 
parallelogram.  The  resultant  can  be  found  also 
by  geometry  and  trigonometry. 


41 


AEROGRAPHER'S  MATE  I  &  C 


WIND  4.000  LB. 


TIDE 

3,000  LB. 


Figure  34.-Problem  using  the 
composition  of  forces. 
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R-  =  30002  +  40002 

R2  =  (3  X  1,000)2  +  (4  X  1,000)2 

R-  =  (32  X  1, 0002)  +     X  1^0002) 

(I,0002)  X  (32+42) 
(1, 0002)  X  (25) 

v/(I,0002)  X  (25)  =  (1,000)  X  (5) 


R2 
R2 

R 
R 


5,000  lb 
From  trigonometry: 

tan  0  =  opposite  side 
adjacent  side 

■a.  »  =  1220  =  0.750 

The  angle  0  can  be  found  from  tan  0  by  using 
either  trigonometric  tables  or  the  slide  rule. 

0  =  36.9° 

The  resultant  is  a  force  of  5,000  pounds  acting 
at  an  angle  of  36.9°  with  the  direction  of  the 
wind  or  in  a  direction  of  233.  i °  (270°  -  36  9°  = 
233.1°), 

2.  With  a  slight  modification,  the  parallelo- 
gram method  of  addition  applies  also  to  the 


ERIC 


reverse  operation  of  subtraction.  Consider  the 
problem  of  subtracting  force  AC  from  force  AB 
(See  fig.  3-5,) 


Figure  3-5.-ParallelogMm  method  of 
subtracting  forces. 


AG.396 


First,  force  AC  is  reversed  in  direction  giving 
-AC.  Then,  forces  -  AC  and  AB  are  added  by  the 
parallelogram  method,  giving  the  resulting  AX, 
which  in  this  case  is  the  difference  between 
forces  AB  and  AC.  A  simple  check  to  verify  the 
results  consists  of  adding  AX  to  AC;  the  sum  or 
resultant  should  be  identical  with  AB. 

MOTION 

Everything  about  us  in  the  world  moves.  Even 
a  body  supposedly  at  rest  on  the  surface  of  the 
earth  is  in  motion  because  it  is  actually  moving 
with  the  rotation  of  the  earth  and  the  earth  is 
turning  in  its  orbit  around  the  sun.  Therefore, 
the  terms  "rest"  and  "motion"  are  relative 
terms.  The  change  in  position  of  any  portion  of 
matter  is  motion.  The  atmosphere,  being  a  gas,  is 
subject  to  much  motion.  Temperature,  pressure, 
and  density  act  to  produce  the  motion^  ^f  the 
atmosphere.  The  motions  are  subject  to  well- 
defined  physical  laws. 

Newton's  Laws  of  Motion 

Newton's  first  law  of  motion  deals  with  the 
principle  of  inertia  and  states  that  every  body 
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continues  in  a  state  of  rest  or  of  iiniforn^  motion 
in  a  straight  line  unless  acted  upon  by  some 
external  tbrce. 

The  second  law  states  that  whenr^er  a  net 
force  acts  on  a  body,  it  produces  an  accelc  ation 
in  the  direction  of  the  net  force.  The  accelera- 
tion is  directly  proportional  to  the  net  force  and 
inversely  proportional  to  the  mass  of  the  body. 

Newton^s  third  law  of  motion  concerns  the 
principle  of  action  and  reaction,  and  states  that 
to  every  action  there  is  an  equal  and  opposite 
reaction. 

GAS  LAWS 

In  order  for  you  as  Aerographer^s  Mates  to 
have  a  general  understanding  of  the  earth^s 
atmosphere,  it  is  necessary  for  you  to  have  a 
working  knowledge  of  the  gas  laws.  From  these 
you  can  readily  discern  that  the  behavior  of  any 
gas  depends  upon  the  variations  in  temperature, 
pressure,  and  density.  Since  the  atmosphere  is  a 
mixture  of  gases,  its  behavior  is  governed  by 
well-defined  laws.  Although  these  gas  laws  were 
discussed  in  AG  3&2,  NT  10363-D,  they  are 
presented  briefly  in  the  following  paragraphs  to 
provide  continuity  prior  to  discussing  their 
application. 

A  real  and  ideal  gas  is  a  gas  which  obeys 
Charles'  and  Boyle^s  laws  perfectly.  The  atmos- 
phere very  nearly  obeys  tb.cse  laws,  and  meteor- 
ologists consider  it  as  a  perfect  gas  in  most  cases. 

BOYLirS  LAW  states  that  if  the  temperature 
remains  constant,  the  volume  of  an  enclosed  gas 
is  inversely  proportional  to  its  pressure.  The 
formula  for  Boyle's  law  is  as  follows: 

VP  =  VP' 

V     initial  volume 
P  <  initial  pressure 
V'  -  new  volume 
P'  -  new  pressure 


CHARLES'  LAW  states  that  if  the  pressure 
remains  constant,  the  volume  of  a  gas  is  directly 
proportional  to  its  temperature.  Experiments 
show  that  the  volume  will  increase  by  1/273  for 
a  l°C  rise  in  temperature.  The  formula  for 
Charles'  Law  is  as  follows: 


r 


VT'  =  V'T,  or  it  can  be  written  y 

V  -  initial  volume 

T  "  initial  temperature  (absolute) 

V'  -  new  volume 

T  -new  temperature  (absolute) 


The  UNIVERSAL  GAS  LAW  is  a  combina- 
tion of  Boyle^s  law  and  Charles'  law.  It  states 
that  the  product  of  the  pressure  and  volume  of  a 
gas  is  directly  proportional  to  the  bsolute 
Temperature.  The  formula  is  as  follows: 

pvr  =  P'V'T 

P  -  initial  pressure 

V  "  initial  volume 

T  -  initial  temperature  (absolute) 

P'  -  new  pressure 

V'  -  new  volume 

T'  -  new  temperature  (absolute) 

EQUATION  OF  STATE 

The  EQUATION  OF  STATE  is  a  general 
formula  which  gives  the  same  information  as 
Boyle's  law  and  Charles'  law.  It  involves  a  gas 
constant,  which  is  a  value  assigned  each  gas.  For 
instance,  the  gas  constant  of  air  is  2,870  when 
the  prc-isure  is  expressed  in  millibars,  and  the 
density  is  expressed  in  metric  tons  per  cubic 
meter  or  in  grams  per  cubic  centimeter.  The 
constant  may  be  expressed  differently,  depend- 
ing on  the  system  of  units  used.  The  following 
formula  is  an  expression  of  the  equation: 


P  =  pRT 


libars 


P  -  pressure  in  nu 
p  -  density 
R  —  gas  constant 
T  -  temperature  (absolute) 

DALTON'S  GAS  LAWS 

John  LJton,  an  English  physicist,  formulated 
two  fundamental  gas  laws  relative  to  the  pres- 
sure of  a  mbcture  of  gases.  One  of  the  laws  states 
that  a  mixture  of  several  gases  which  do  not 
react  chemically  exerts  a  pressure  equal  to  the 
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sum  of  the  pressures  wliicli  tlie  several  gases 
would  exert  separately  if  eacli  were  allowed  to 
occupy  the  entire  space  alone  at  the  given 
temperature.  The  other  law  .states  that  the  total 
pn;<5.sure  exerted  by  the  mixture  of  gases  is  equal 
to  the  sum  of  the  partial  pressures. 

Water  vapor  in  the  atmosphere,  for  instance  is 
independent  of  the  pre.sence  of  other  gases;  the 
vapor  pressure  is  independent  of  the  pressure  of 
the  dry  ga.ses  in  the  atmosphere.  The  vapor 
pressure  for  any  given  temperature  has  a  maxi- 
mum limit,  reached  when  the  air  is  saturated. 
Tlic  total  atmospheric  pressure  is  found  by 
adding  the  pressures  of  the  dry  air  and  the  water 
vapor. 

AVOGADRO'S  NUMBER 

It  was  the  hypothesis  of  Avogadro  that  equal 
volumes  of  all  gases  under  the  same  pressure  and 
temperature  contain  the  same  number  of  mole- 
cules. The  number  of  molecules  in  a  gram 
Mnl'in"^  ^'"^^  AVOGADRO'S 
^^no  V  ,  n'-'i'  ^'■'"^  niolecule  of  any  gas  contains 
6.U2  X  10-*  molecules  and  at  0°C  and  760  mm 
pressure  occupies  a  volume  of  22,421  cm^  A 
gram  molecule  is  the  ma.ss  of  a  compound  equal 
numerically  to  the  value  of  its  molecular  weight- 
likewise,  a  gram  atom  i.s  the  ma.ss  of  an  element 
numerically  equal  to  the  value  of  its  atomic 
weight. 

STANDARD  CONDITIONS  FOR  GASES 

The  coiidition.s  under  which  gases  must  be 
compared,  densities  determined,  and  gas  con- 
stants derived,  are  known  as  the  STANDARD 
CONDITIONS  FOR  GASES.  The  standard  con- 
ditions are  a  prcs.sure  of  760  mm  of  mercury  and 
a  temperature  of  0°C. 

HYDROSTATIC  EQUATION 

The  HYDROSTATIC  LAW  states  that  the 
diftcrence  in  pressure  between  two  points  at 
different  levels  in  a  ma.ss  of  fluid  at  rest  is  equal 
to  the  weight  of  a  column  of  the  fluid  of  a  unit 
cro.s.s  .section  reaching  vertically  from  one  level 
to  another. 

For  the  atmosphere,  the  hydrostatic  law 
states  that  the  difference  in  pressure  between 
two  points  in  the  atmosphere,  one  above  the 
other,  is  equal  to  the  weiglu  of  the  air  column 
between  the  two  points.  Although  these  two 


laws  are  essentially  the  same,  there  are  two 
variables  which  must  be  considered  when  ap- 
plied to  the  atmosphere.  They  are  temperature 
and  density. 

From  Charles'  law  it  was  learned  when  the 
temperature  increases,  the  volume  increases  and 
the  density  decreases.  Therefore,  the  thickness 
of  a  layer  of  air  will  be  greater  when  the 
temperature  is  increased.  To  find  the  height  of  a 
pressure  surface  in  the  atmosphere  (such  as  in 
working  up  an  adiabatic  chart)  these  two  vari- 
ables must  be  taken  into  consideration. 

In  the  computation  of  a  radiosonde  observa- 
tion, a  set  of  tables  has  been  computed  and  the 
density  has  been  incorporated  in  these  tables. 

The  thickness  of  a  layer  can  be  determined  by 
the  following  formula: 

Z  =  (49,080+  107t)|^ 
Po  +  P 

Z  -  altitude  difference  in  feet 

(tliickness  of  layer) 
t  -  mean  temperature  in  degrees 

Fahrenheit 
Po  -  pressure  at  the  bottom  point 

of  the  layer 
P  -  pressure  at  the  top  point  of 

the  layer 

For  example,  let  us  assume  that  a  layer  of  air 
between  800  and  700  millibars  has  a  mean 
temperature  of  30° F.  Applying  the.  formula,  the 
following  value  is  obtained: 

Z  =  (49,080  f  107  X  30)  !99  ~  "^Q^- 

-^800  +  700 

100 


Z  =  (49,080  +  3,210) 
Z  =  (52,290)  ]3 


Z  =  3,486  feet  (1,063  meters) 

(!  meter  =  3.28  feet) 

APPLICATION  OF  THE  GAS  LAWS 

In  the  Held  of  aviation,  and  particularly  in  the 
Naval  Weather  Service,  it  is  necessary  to  be  able 
to  apply  the  gas  laws  to  many  situations.  For 
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example,  in  the  use  of  weather  balloons  we  ini\ 
helium  with  a  small  quantity  of  air.  As  we  add 
the  gases  to  the  balloons,  the  pressure  ijiereases 
on  the  walls,  but  at  the  same  lime  it  is  becoming 
lighter  and  lighter  until  it  fioats.  Since  helium  is 
lighter  than  air,  the  mixture  has  become  lighter 
and  less  dense,  I'his  is  a  direct  application  uf 
Dalton's  law. 

The  hydrostatic  law  stales  that  the  difference 
in  pressure  between  two  points  is  equal  to  the 
weight  of  the  air  column  between  these  two 
points.  We  saw  in  our  application  of  this  law 
that  the  thickness  of  the  column  in  question  is 
dependent  upon  the  mean  virtual  temperature  of 
the  column.  Virtual  temperature  is  defined  as 
the  temperature  the  air  would  have  if  all  water 
vapor  were  removed  from  it.  It  is  expressed  b> 
the  following  Ibrmula: 


I  -  (0.379-) 
P 

where 

Ty      is  the  virtual  temperature 

T       is  the  temperature  in  degrees  Celsius 

0.379  is  a  constant 

e       is  the  vapor  pressure 

p       is  the  atmospheric  pressure 

When  the  thickness  is  decreased,  the  mean 
virtual  temperature  decreases,  and  the  density 
increases  in  the  air  column.  This  ulustrates 
Charles*  law.  For  layers  of  equal  pressure  differ 
encc,  the  thickness  of  the  layers  increase  as  we 
go  up  into  the  atmosphere  due  to  decrea,sed 
pressure  on  the  layers,  and  consequently  a 
decrease  in  the  density  of  the  strata.  This  is  an 
illustration  of  Boyle's  law. 

Since  there  is  a  definite  relationship  of  thick- 
ness to  temperature,  this  relationship  is  put  to 
work  in  a  system  called  differential  analysis.  The 
height  or  difference  in  thickness  between  two 
isobaric  surfaces  is  found  by  applying  the 
formula  or  by  subtracting  the  height  of  the 
lower  level  from  the  height  of  the  upper  level, 
Tliese  lines  of  equal  thickness  are  considered  and 
could  be  labeled  mean  isotherms  for  these 
layers,  showing  advection  of  cold  or  warm  air. 


ENERGY  CONSIDERATIONS- 
STABILITY  AND  INSTABILITY 

ATMOSPHERiC  ENERGY 
CONSIDERATIONS 

Energy  has  previously  been  defined  as  the 
capacity  to  perform  work.  There  are  two  basic 
kinds  of  energy.  Tliey  are  KINETIC  and  PO- 
TENTIAL, Kinetic  energy  is  ability  to  perform 
work  due  to  motion.  Potential  energy  is  ability 
to  perform  work  due  to  position  or  condition. 
The  term  **kinetic"  is  used  for  energy  due  to 
present  motion,  whereas  the  tenn  "potential" 
applies  to  energy  stored  for  later  action. 

The  kinetic  theory  of  gases  is  very  helpful  in 
understanding  the  behavior  of  gases.  Gases,  like 
other  substances,  consist  of  molecules.  Unlike 
solids,  molecules  of  gas  have  no  inherent  tend- 
ency to  stay  in  one  place.  Instead,  gas  molecules, 
since  they  are  smaller  than  the  space  between 
them,  move  about  at  random  (but  in  straight 
lines  until  they  collide  with  each  other  or  with 
other  obstructions).  Their  movement  has  an 
average  speed  at  a  given  temperature.  When  gas 
is  enclosed,  its  pressure  depends  on  the  number 
of  times  the  molecules  strike  the  surrounding 
walls  in  a  unit  of  time.  The  number  of  times  the 
molecules  strike  per  unit  of  time  against  the 
walls  remains  constant  as  long  as  the  tem- 
perature and  the  volume  remain  constant.  If  the 
volume  (the  space  occupied  by  the  gas)  is 
decreased,  the  density  of  the  gas  is  increased, 
and  the  number  of  blows  against  the  walls  is 
increased,  thereby  increasing  the  pressure.  When 
the  temperature  is  increased,  there  is  a  corre- 
sponding increase  in  the  speed  of  the  molecules; 
they  strike  the  walls  at  a  faster  rate,  increasing 
the  pressure,  provided  that  the  volume  remains 
constant. 

According  to  the  kinetic  theory  of  gases,  the 
temperature  of  a  gas  is  dependent  upon  the  rate 
at  which  the  molecules  are  moving  about  and  is 
proportional  to  the  kinetic  energy  of  the  moving 
molecules.  The  kinetic  energy  of  the  moving 
molecules  of  a  gas  is  the  internal  energy  )f  the 
gas,  and  it  follows  that  an  increase  in  tempera- 
ture is  accompanied  by  an  increase  in  the 
internal  energy  of  the  gas.  Likewise,  an  increase 
in  the  internal  energy  results  in  an  increase  in 
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the  temperature  of  the  gas. 

An  increase  in  the  temperature  of  a  gas  or  in 
its  internal  energy  can  be  produced  by  the 
addition  of  heat  or  by  performing  work  on  the 
gas,  A  combination  of  these  can  likewise 
produce  an  increase  in  temperature  or  internal 
energy.  This  is  in  accordance  with  the  first  law 
of  thermodynamics. 

In  the  application  of  the  first  law  of  thermo- 
dynamics to  a  gas,  it  may  be  said  that  the  two 
main  forms  of  energy  are  internal  energy  and 
work  energy.  Internal  energy  is  manifested  as 
.sensible  heat  or  temperature;  work  energy  is 
manifested  as  pressure  changes  in  the  gas.  In 
other  words,  work  is  required  to  increase  the 
pressure  of  a  gas  and  work  is  done  by  the  gas 
when  the  pressure  diminishes  It  follows,  then 
that  if  internal  (heat)  energy  is  added  to  a  simple 
gas  this  energy  must  show  up  as  an  increase  in 
either  temperature  or  pressure,  or  both.  Also,  if 
work  is  performed  on  the  gas,  the  work  energy 
mu,st  show  up  as  an  increase  in  either  pressure  or 
temperature,  or  both. 

Consider  air  in  a  cylinder,  which  is  enclosed 
by  a  piston.  In  accordance  with  the  first  law  of 
thermodynamics,  any  increase  in  the  pressure 
exerted  by  the  piston  results  in  work  being  done 
on  the  air.  As  a  consequence,  either  the  tempera- 
ture and  pressure  must  be  increased  or  the  heat 
equivalent  of  this  work  must  be  transmitted  to 
the  surrounding  bodies.  In  the  case  of  a  plain 
compressor,  this  work  done  by  a  piston  is 
changed  into  an  increase  in  the  temperature  and 
the  pressure  of  the  air.  It  also  results  in  some 
increase  in  the  temperature  of  the  surrounding 
body. 

If  the  surrounding  body  is  considered  to  be 
insulated  so  that  it  is  not  heated,  there  is  no  heat 
transferred,  and  the  air  must  acquire  this  addi- 
tional energy  as  an  increase  in  temperature  and 
pressure.  The  process  by  which  a  gas,  such  as  air, 
is  heated  or  cooled  without  heat  being  added  to 
the  gas  or  taken  away  is  called  an  adiabatic 
process. 

In  the  atmosphere,  adiabatic  and  nonadiabatic 
processes  are  taking  place  continuously.  The  air 
near  the  ground  is  receiving  heat  from  or  giving 
heat  to  the  ground.  These  are  nonadiabatic 
processes.  However,  in  the  free  atmosphere 
somewhat  removed  from  the  earth's  surface,  the 
short-period  processes  are  adiabatic.  When  a 


parcel  of  air  is  lifted  in  the  free  atmosphere,  it 
encounters  areas  of  decreasing  pressure.  To 
equalize  this  pressure,  the  parcel  must  expand. 
In  expanding,  it  is  doing  work.  In  doing  work,  it 
uses  heat.  This  results  in  a  lowering  of  tempera- 
ture, as  well  as  a  decrease  in  the  pressure  and 
density.  When  a  parcel  of  air  descends  in  the  free 
atmosphere,  it  encounters  areas  of  increasing- 
pressure.  To  equalize  the  pressure,  the  parcel 
must  contract.  In  doing  this,  work  is  done  on 
the  parcel.  This  work  energy,  which  is  being 
added  to  the  parcel,  shows  up  as  an  increase  in 
temperature.  The  pressure  and  density  increase 
in  this  case,  too. 


LAPSE  RATES 

Tiie  rate  of  cooling  that  a  parcel  of  air 
undergoes  as  it  ascends  in  the  free  atmosphere 
(or  the  rate  of  heating  as  it  descends)  is  known 
as  the  ADIABATIC  LAPSE  RATE.  For  unsatu- 
rated air  the  rate  of  change  is  TC  per  100 
meters  or  5  1/2°  F  per  1,000  feet.  This  is  known 
as  the  DRY  ADIABATIC  LAPSE  RATE,  For 
saturated  air  the  rate  of  change  is  different. 
When  a  parcel  of  saturated  air  ascends  in  the  free 
atmosphere,  the  rate  of  change  is  known  as  the 
SATURATION  ADIABATIC  LAPSE  RATE, 

The  saturation  adiabatic  lapse  rate  is  the 
result  of  the  condensation  that  takes  place  in  a 
saturated  parcel  of  air  a^  it  ascends  above  the 
condensation  level.  For  each  gram  of  water 
condensed,  about  600  calories  of  heat  are 
liberated.  The  latent  heat  of  condensation  is 
absorbed  by  the  air.  Consequently,  the  lapse  rate 
becomes  less  than  the  dry  adiabatic  lapse  rate. 

The  mean  slope  of  the  saturation  adiabat  may 
be  taken  as  approximately  O.SS'^C  per  100 
meters  or  3°F  per  1,000  feet.  The  temi  MEAN 
SLOPE  is  used  because  the  saturation  adiabatic 
lapse  rate  increases  with  altitude.  This  is  a  result 
of  the  decrease  of  water  vapor  with  altitude, 
consequently  a  decrease  in  the  total  heat  of 
condensation  which  is  liberated. 

The  normal  or  average  decrease  of  tempera- 
ture with  height  is  known  as  the  normal  or 
average  lapse  rate.  The  normal  lapse  rate  is  about 
3  1/2° F  per  1,000  feet  up  to  the  tropopause. 
However,  the  actual  lapse  rate  in  the  atmosphere 
at  any  given   time  depends  on  turbulence. 
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radiation  processes,  conduction  of  heat  near  the 
ground,  or  the  transport  ot  air  by  horizontal 
advection  in  the  upper  layers.  Condensation  of 
moisture  or  evaporation  also  affect  the  lapse  rate 
by  the  addition  or  removal  of  the  heat  of 
condensation.  Figure  3-6  shows  some  of  the 
various  types  of  lapse  rate  which  may  be  found 
in  the  atmosphere. 
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Figure  3-6.— Lapse  rates  in  the  atmosphere. 

Reversible  Process 

.The  REVERSIBLE  PROCESS  is  based  upon 
the  assumption  that  no  condensed  water  falls  as 
precipitation,  but  is  carried  with  the  ascending 
parcel.  The  ascending  parcel  undergoes  several 
stages  as  follows: 

1.  The  dry  stage,  where  the  parcel  is  lifted 
dry  adiabatically  to  saturation. 

2.  The  rain  stage,  wheni  all  water  vapor 
exceeding  the  saturation  amount  is  condensed  to 
liquid  water. 

3.  The  hail  stage,  occurring  at  O^C  when  the 
parcel  rises  isothermally  because  the  expansional 
cooling  is  offset  by  the  heat  of  fusion  being 
released  when  the  liquid  water  is  frozen. 

4.  The  snow  stage,  when  the  excess  moisture 
is  changed  directly  from  a  vapor  to  a  solid 
(snow). 

The  process  is  reversible,  since  the  parcel 
reaches  the  top  of  the  atmosphere  with  the  same 
water  content  with  which  it  started.  Upon  its 
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descent,  the  same  stages  will  occur  in  reverse 
order  and  the  parcel  arrives  at  the  ori,T:inal  level 
(pressure)  with  the  same  temperature  a;:  before. 

Irreversible  Process 

The  IRREVERSIBLE  PROCESS  is  based 
upon  the  assumption  that  all  excess  water  which 
is  condensed  from  the  air  will  fall  immediately 
as  precipitation.  The  stages  in  this  process  are 
nearly  similar  to  the  reversible  process. 
"   1.  The  dry  stage  is  the  same  as  the  reversible. 

2.  The  rain  stage  is  the  same  as  the  reversible 
except  that  moisture  falls  as  rain. 

3.  The  hail  stage  is  eliminated,  since  there  is 
no  liquid  to  change  into  ice. 

4.  The  snow  stage  is  the  same  as  the  revers- 
ible except  that  excess  moisture  condenses  and 
falls  as  snow. 

The  parcel  is  dry  by  the  time  it  reaches  the 
top  of  the  atmosphere;  therefore,  it  must  de- 
scend dry  adiabaticahy,  and  the  temperature  is 
therefore  much  higlier  upon  reaching  the  origi- 
nal level. 

The  irreversible  process  closely  approximates 
the  actual  conditions  in  the  atmosphere;  this  is 
reflected  on  the  Skew  T  diagram  by  the  satura- 
tion adwjbats  showing  no  hail  stage. 

Figure  3-7  shows  the  various  stages  during  the 
ascent  and  descent  of  air  in  the  irreversible 
process. 
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Figure  3-7.— The  irreversible  process. 
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l(  a  parcel  of  air  (A)  follows  the  dry  adiabatic 
lapse  rate  to  the  1,000-mb  line,  the  temperature 
at  that  point  (P)  is  the  potential  temperature.  If 
the  parcel  continues  up  the  dry  adiabat  to  the 
satunition  point  (S),  condensation  will  begin  and 
the  parcel  will  follow  the  saturation  adiabat 
througli  the  rain  stagC'(S-H).  When  the  tempera- 
ture falls  below  freezing,  the  condensation  will 
be  in  the  form  of  snow  (H-D).  Actually  in  nature 
supercooled  water  droplets  may  form  even 
below  the  freezing  point.  When  all  the  moisture 
has  condensed,  all  of  the  latent  heat  of  conden- 
sation has  been  added  to  the  air,  and  if  the 
parcel  is  then  brought  back  to  the  1,000-mb 
level,  it  will  follow  the  diy  adiabatic  lapse  rate 
(D-E)  and  arrive  back  at  this  level  with  a 
temperature  of  E.  This  hypothetical  temperature 
is  called  the  equivalent  potential  temperature. 

CONDENSATION  AND  PRECIPITATION 

The  CLASSIC  CONDENSATION  THEORY  is 
the  theory  used  when  making  thermodynamic 
computations,  such  as  on  the  Skew  T  diagram.  It 
is  perfectly  valid  for  these  computations.  In  this 
theory  it  is  assumed  that  water  is  entirely  in 
vapor  form  until  100  percent  relative  humidity 
is  reached,  and  then  it  changes  to  liquid  or  ice.  It 
assumes  that  liquid  drops  do  not  exist  at  a 
temperature  below  freezing  and  below  freezing 
only  direct  crystallization  or  sublimation  occurs. 

When  attempting  to  explain  the  actual  process 
ol  condensation  and  precipitation  in  the  at- 
mosphere, the  CLASSIC  CONDENSATION 
THEORY  is  no  longer  completely  valid.  These 
are  sonic  of  the  defects  in  the  theory 

1.  Clouds,  and  especially  fog,  are  likely  to 
occur  at  less  than  100  percent  relative  humidity. 
The  whole  process  of  forrnafion  of  a  droplet  is  a 
continuous  one  that,  however,  is  most  rapid  at 
100  percent  humidity. 

2.  Liquid  droplets  supercooled  to  tempera- 
tures several  degrees  below  freezing  are  so 
common  in  the  atmosphere  as  to  be  regarded  as 
tiie  rule  rather  than  the  exception. 

3.  Liquid  drops  not  only  exist  at  tempera- 
tures below  freezing,  but  new  condensacion 
occurs  at  these  temperatures  as  welLas  direct 
sublimation. 

Before  condensation  can  occur  in  the  free 
atmosphere,  the  temperature  of  the  air  must  be 


reduced  to  near  the  dewpoint,  or  the  moisture 
content  must  be  increased  so  as  to  increase  the 
dewpoint  to  near  the  temperature.  In  laboratory 
experiments,  it  has  been  proved  that  even  these 
conditions  will  not  induce  condensation  if  the 
air  is  pure.  It  was  proved  that  in  pure  air  a 
supersaturation  of  400  percent  was  possible 
before  condensation  occurred. 

There  are  also  several  other  observations 
which  do  not  conform  to  these  theories.  Drizzle 
n:ay  fall  out  of  stratus  or  stratocumulus  layers 
that  do  not  extend  into  the  freezing  tempera- 
tures, particularly  at  sea  and  in  coastal  districts 
with  onshore  winds,  in  the  Tropics,  and  also  in 
warm  maritime  air  masses  in  temperate  latitudes, 
cumulus  has  been  observed  to  yield  liglit,  moder- 
ate, and  even  heavy  rain  though  the  tops  did  not 
extend  above  the  freezing  level. 

The  explanation  for  the  latter  phenomenon 
appears  to  be  that  in  the  Tropics,  where  the 
freezing  level  is  high,  cumulus  can  develop  to 
such  great  depths  without  reaching  O^C,  that 
coalescence  between  cloud  droplets  becomes 
effective  enougli  to  result  in  appreciable  rain. 
When  the  cloud  droplets  are  of  initially  different 
sizes  and  hence  have  different  settling  rates, 
some  of  them  will  collide  and  coalesce.  This 
increases  their  settling  rate,  and  consequently, 
the  number  of  collisions  per  unit  of  time.  By 
such  a  chain  reaction,  the  droplets  grow  to 
sufficient  size  to  fall  out  as  precipitation.  A 
cloud  of  great  vertical  extent  is  needed  for  this 
process  to  result  in  heavy  precipitation.  This 
condition  is  satisfied  in  the  Tropics.  The  high 
temperatures  found  there  give  a  high  liquid- 
water  content,  which  also  furthers  the  coales- 
cence process. 

The  drizzle  which  falls  out  of  nonfreezing 
layer  clouds  is  a  more  genile  display  of  the 
coalescence  process.  Drizzle  appears  to  be  more 
-  frequent  over  the  sea  and  ilong  the  sea  borders, 
other  things  being  equal;  this  fact  favors  the  part 
played  by  salt  nuclei.  Precipitation  from  non- 
freezing  clouds  lias  not  been  noted  in  continen- 
tal air  masses. 

From  these  observations  we  may  reach  the 
following  conclusions.  The  coalescence  process 
may  account  for  much  of  the  precipitation 
which  falls  in  the  Tropics;  the  classic  theory,  on 
the  other  hand,  applies  to  most  of  the  precipita- 
tion occuring  in  middle  and  high  latitudes. 
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Whenever  moderate  or  heavy  rain  falls  in  the 
temperate  or  Arctic  regions,  it  originates  mainly 
in  clouds  that,  in  the  upper  portions  at  least, 
have  reached  negative  Celsius  temperatures. 

A  further  conclusion  based  on  many  studies 
of  temperature  of  the  cloud  top  as  a  condition 
for  precipitation  reveals  that  when  rain  or 
snow-continuous  or  intermittent  reaches  the 
ground  from  stratiform  clouds,  the  clouds- solid 
or  layered-extend  in  most  cases  to  heights 
where  temperatures  are  below  -12°C  or  even 

Nuclei 

The  foreign  particles  in  the  air  may  be  divided 
into  three  classes: 

1.  Hygroscopic  nuclei. 

2.  Sublimation  nuclei. 

3.  Neutral  or  nonhygroscopic  particles. 
When  air  is  cooled  so  that  ii  approaches  the 

dewpoint,  the  hygroscopic  nuclei  begin  to  ab- 
sorb water  from  the  air.  The  larger  nuclei  will 
then  cause  condensation  to  occur,  even  before 
the  saturation  point  is  reached.  However,  as  the 
drops  grow  in  size  they  become  so  diluted  that 
they  become  less  and  less  active  as  hygroscopic 
material.  The  condensation  process  can  then 
proceed  only  when  the  air  is  cooled  slightly 
below  its  dewpoint  so  that  a  slight  amount  of 
supersaturaticn  is  present.  It  can  be  seen  that 
condensation  on  hygroscopic  nuclei  is  a  contin-  r 
uous  process,  beginning  at  low  relative 
humidities. 

The  most  common  hygroscopic  nuclei  are  sea 
salts,  sulfuric  acids,  and  nitric  acids.  Hygroscopic 
nuclei  vary  in  number,  with  the  maximum  over 
cities,  decreasing  in  number  over  rural  areas,  and 
at  a  minimum  over  the  oceans.  Annual  variations 
in  amounts  of  hygroscopic  nuclei  are  caused  by 
the  increased  amount  of  combustion  taking 
place  during  the  winter  months.  Diurnal  varia- 
tion is  caused  by  the  lack  of  sunlight  at  night  to 
oxidize  sulfur  and  nitric  dioxides.  Since  the 
source  region  for  hygroscopic  nuclei  is  at  the 
surface  of  the  earth,  they  decrease  in  number 
with  altitude. 

Sublimation  nuclei  are  much  smaller  and 
fewer  in  number  than  hygroscopic  nuclei.  They 
are  shaped  like  an  ice  crystal.  Ice  forms  on  these 
nuclei  below  water  saturation,  but  at  or  above 


ice  saturation.  Sublimation  nuclei  are  not  very 
active  between  O'^C  and  -lO'^C;  in  fact,  when 
considering  the  entire  atmosphere  at  all  tempera- 
tures down  to  about  ♦40°C,  there  are  more 
liquid  droplets  than  ice  particles. 

Neutral  or  nonhygroscopic  particles  are  part- 
icles such  as  ordinary  dust.  These  particles  may 
act  as  condensation  nuclei,  but  seldom  do. 

The  atmosphere  has  been  described  as  an 
AEROSOL,  which  is  a  colloidal  system  in  which 
the  dispersed  water  vapor  is  composed  of  either 
solid  or  liquid  particles,  and  in  which  the 
dispersing  medium  is  the  air.  A  cloud  has  been 
described  as  colloidally  unstable  by  virtue  of  its 
position  in  a  turbulent  atmosphere. 

There  have  been  many  theories  presented  on 
the  processes  leading  to  colloidal  instability 
within  a  cloud  which  would  cause  the  growth  of 
raindrops.  A  few  of  the  more  feasible  ones  are  as 
follows: 

1.  Electrical  attraction. 

2.  Hydrodynamical  attraction. 

3.  Vapor  pressure  gradient  from  smaller  to 
larger  drops. 

4.  Introduction  of  extremely  hygroscopic 
nuclei. 

5.  Collision  due  to  turbulence. 

6.  Vapor  pressure  gradient  from  warmer  to 
colder  drops. 

7.  Vapor  pressure  gradient  from  liquid  to  ice 
(Bergeron-Findeisen  Theory). 

8.  Nonuniform  drops  in  the  gravitational 
field. 

The  last  two  theories  are  considered  to  be  the 
most  important  in  the  formation  of  raindrops. 
The  liquid-to-ice  theory  is  the  most  important 
during  the  initial  formation  of  the  droplet,  but 
once  they  have  grown  to  such  size  that  they 
begin  to  fall,  the  gravitational  field  theory 
becomes  the  most  important. 

Cloud  and  Weather 
Modification  Methods 

Activity  in  cloud  and  weather  modification 
has  been  on  a  sound  and  realistic  basis  only  since 
1958. 

Cloud  modification  methods  have  been 
mainly  in  the  use  of  dry  ice,  silver  iodide,  and 
water  to  increase  the  cloud  amount  and  to 
possibly  trigger  precipitation. 
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The  object  of  scciliiig  with  dry  ice  is  to  cause 
the  coexistence  ot'  ice  and  water.  Seeding  with 
dry  ice  may  be  used  to  dissipate  clouds,  to 
precipitate  clouds,  or  to  make  existing  clouds 
more  persistent. 

The  use  of  silver  iodide  has  been  found  to  be 
the  most  effective  source  of  ice  crystal  nuclei 
found  to  date  and  is  most  effective  at  tempera- 
tures below  -  lO^'C. 

The  use  of  water  attempts  to  employ  the 
principle  of  nonuniform  drops  in  the  gravita- 
tional field.  It  may  be  used  on  actively  convec- 
tive  portions  of  large  cumulus  clouds. 

According  to  Schaefer,  the  most  favorable 
atmospheric  conditions  for  precipitating  clouds 
by  seeding  are  large  cumulus  clouds  without 
precipitation  already  occurring,  abundant  mois- 
ture, a  large  lapse  rate,  a  low  concentration  of 
ice  nuclei,  the  absence  of  wind  shear,  and  either 
no  inversions  or  few  inversions,  or  weak  ones. 

Ill  practical  application  of  the  weather  modifi- 
cation program  the  prevention  of  thunderstorm 
formation,  hail,  windstorms,  and  torrential  rain 
may  be  accomplished  by  either  dissipating  or 
overseeding,  or  increasing  precipitation  by  seed- 
ing the  clouds  with  the  proper  amounts.  No 
evidence  appears  to  exist  that  clouds  can  be 
milked  of  their  moisture  in  flat  regions,  but 
indications  are  that  seeding,  especially  with 
silver  iodide  smoke,  can  increase  precipitation  as 
much  as  10  to  15  percent. 

Another  application  of  this  process  is  the 
so-called  CLOUDBUSTERS  of  the  Air  Force. 
Tliey  have  found  that  holes  or  windows  can  be 
punched  in  certain  clouds  which  hinder  aircraft 
landings  and  takeoffs,  parachute  drops,  and 
rescue  and  reconnaissance  missions.  Windows 
more  than  3  miles  wide  have  been  created  by 
overseedingsuch  clouds  with  dry  ice  pellets. 

The  dissipation  of  certain  types  of  fogs  can  be 
accomplished  by  seeding.  This  is  more  effective 
for  cold  fogs  and  has  little  effect  on  wann  or  ice 
crystal  fogs. 

STABILITY  AND  INSTABILITY 

Most  weather  phenomena  depend  upon 
whether  the  air  masses  are  stable  or  unstable.  As 
stated  before,  moisture  content  plays  an  impor- 
tant part  in  weather.  A  parcel  of  air  may  be 
stable  when  dry  and  then  may  become  unstable 


if  it  is  lifted  to  saturation.  An  understanding  of 
stability  and  instability  is  therefore  essential  to  a 
forecaster. 

STABILITY  is  the  state  of  equilibrium  in 
which  a  parcel  of  air  has  a  tendency  to  resist 
displacement  from  the  level  at  which  it  is  in 
equilibrium  with  its  environment  or,  if  dis- 
placed, to  return  to  its  original  position.  IN- 
STABILITY is  the  state  of  equilibrium  in  which 
a  parcel  of  air  when  displaced  has  a  tendency  to 
move  farther  away  from  its  original  position. 

The  stability  and  instability  of  air  depend  a 
great  deal  on  the  moisture  content  of  the  air. 
Therefore,  a  discussion  of  equilibrium  of  air 
should  be  separate  with  respect  to  dry  air  and 
saturated  air. 

Equilibrium  of  Dry  Air 

The  method  used  for  determining  the  equi- 
librium of  air  will  be  the  parcel  method,  wherein 
a  parcel  of  air  is  lifted  and  then  compared  to  the 
surrounding  air  to  determine  its  equilibrium. 
The  dry  adiabatic  lapse  rate  is  always  used  as  a 
reference  to  determine  the  stability  or  instability 
of  dry  air. 

ABSOLUTE  INSTABILITY.-^Consider  a  col- 
umn of  air  in  wliich  the  actual  lapse  rate  is 
greater  than  the  dry  adiabatic  lapse  rate  (the 
actual  lapse  rate  is  to  the  left  of  the  dry 
adiabatic  lapse  rate  on  the  Skew  T  diagram). 
(See  fig.  3-8.)  If  the  parcel  of  air  at  point  A  were 
displaced  upward  to  point  B,  it  would  cool  at 
the  dry  adiabatic  lapse  rate.  Upon  arriving  at 
point  B,  it  would  be  warmer  than  the  sur- 
rounding air.  The  parcel  would  therefore  have  a 
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Figure  3-8.-Absolute  instabliity  (any  degree 
of  saturation). 
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tendency  to  continue  to  rise,  seeking  air  of  its 
own  density.  Consequently  the  column  would 
be  unstable.  From  this,  the  rule  is  established 
that  if  the  ^apse  rate  of  a  column  of  air  is  greater 
than  the  dry  adiabatic  lapse  rate,  the  column  is 
in  a  state  of  ABSOLUTE  INSTABILITY.  The 
term  '^absolute''  is  used  because  this  applies 
whether  the  air  is  dry  or  saturated,  as  is 
evidenced  by  displacing  upward  a  saturated 
parcel  of  air  from  point  A  along  a  saturation 
adiabat  to  point  B'.  The  parcel  is  more  unstable 
than  if  displaced  along  a  dry  adiabat. 

STABILITY. -Consider  a  column  of  dry  air  in 
which  the  actual  lapse  rate  is  less  than  the  dry 
adiabatic  lapse  rate  (the  actual  lapse  rate  is  to 
the  right  of  the  dry  adiabatic  lapse  rate  on  the 
Skew  T  diagram).  (See  fig.  3-9.)  If  the  parcel  at 
point  A  were  displaced  upward  to  point  B,  it 
would  cool  at  the  dry  adiabatic  lapse  rate,  and 
upon  arriving  at  point  B  it  would  be  colder  than 
the  surrounding  air.  It  would  therefore  have  a 
tendency  to  return  to  its  original  level.  Con- 
sequently, the  column  of  air  would  be  stable. 


POINT  B  COLDER  THAN 
THE  SURROUNDING  AIR 
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Figure  3-9.-Stability  (dry  air). 

From  this,  the  nile  is  established  that  if  the 
actual  lapse  rate  of  a  column  of  DRY  AIR  is  less 
than  the  dry  adiabatic  lapse  rate,  the  column  is 
stable. 

NEUTRAL  STABILITY. -Consider  a  column 
of  DRY  AIR  in  which  the  actual  lapse  rate  is 
equal  to  the  dry  adiabatic  lapse  rate.  The  parcel 
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would  cool  at  the  dry  adiabatic  lapse  rate  if 
displaced  upward.  It  would  at  all  times  be  at  the 
same  temperature  and  density  as  the  surround- 
ing air,  and  would  have  a  tendency  neither  to 
retuni  to  nor  to  move  farther  away  from  its 
original  position.  The  column  of  dry  air  there- 
fore, would  be  in  a  state  of  NEUTRAL  STA- 
BILITY, 

Equilibrium  of  Saturated  Air 

When  saturated  air  is  lifted,  it  cools  at  a  rate 
different  from  that  of  dry  air.  This  is  due  to 
release  of  the  latent  heat  of  condensation,  which 
is  absorbed  by  the  air.  The  rate  of  cooling  of 
saturated  air  is  known  as  the  saturation  adiabatic 
lapse  rate.  This  rate  is  used  as  a  reference  for 
determining  the  equilibrium  of  saturated  air. 

ABSOLUTE  STABILITY.-Consider  a  col- 
umn of  air  in  which  the  actual  lapse  rate  is  less 
than  the  saturation  adiabatic  lapse  rate  (the 
actual  lapse  rate  is  to  the  right  of  the  saturation 
adiabatic  lapse  rate  on  the  Skew  T  diagram). 
(See  fig.  3-10.)  If  the  parcel  of  saturated  air  at 
point  A  were  displaced  upward  to  point  B,  it 
would  cool  at  the  saturation  adiabatic  lapse  rate, 
and  upon  arriving  at  point  B  it  would  be  colder 
than  the  surrounding  air. 
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Figure  3-10.— Absolute  stability  (any  degree 
of  saturation). 

The  layer  therefore  would  be  in  a  state  of  AB- 
SOLUTE STABILITY.  From  this,  the  following 
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rule  is  established  If  the  actual  lapse  rate  for 
a  column  of  air  is  less  than  the  saturation 
adiabalic  lapse  rate,  the  column  is  absolutely 
stable.  Dr>  air  cools  clr>  aJiabalically  and  also 
would  be  colder  than  the  surrounding  air. 
Therefore,  this  rule  applies  to  all  air,  as  is 
evidenced  when  an  unsaturated  parcel  of  air  is 
displaced  upward  dry  adiabatically  to  point  B', 
where  the  parcel  is  more  stable  than  the  parcel 
displaced  along  a  saturation  adiabat. 

INSTABILITY,  Consider  now  a  column  of 
air  in  which  the  actual  lapse  rate  is  greater  than 
the  saturation  adiabatic  lapse  rate.  (See  fig. 
3-1  L)  If  a  parcel  of  saturated  air  at  point  A  were 
displaced  upward  to  point  B,  it  would  cool  at 
the  saturation  adiabatic  lapse  rate.  Upon  arriving 
at  point  B  the  parcel  would  be  warmer  than  the 
surrounding  air  For  this  reason,  it  would  have  a 
tendency  to  continue  moving  farther  from  its 
original  position.  The  parcel  therefore  would  be 
in  a  stale  of  INSTABILITY.  1  he  following  rule 
is  applicable'  If  the  actual  lapse  rate  for  a 
column  of  SATURATED  AIR  is  greater  than  the 
saturation  adiabatic  lapse  rate,  the  column  is 
unstable. 


POINT  8  \*A<lg£R  THAN 
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Figure  3-11.-lnstabi!itY  (saturated  air). 


NEUTRAL  bTABILITY.  Consider  a  column 
of  saturated  air  in  which  the  actual  lapse  rate  is 
equal  lo  the  saturation  adiabatic  lapse  rate.  A 
parcel  of  air  displaced  upward  would  cool  at  the 
saluralion  adiabalic  lapse  rate  and  would  at  all 
times  he  equal  in  temperature  to  the  surround- 
ing air.  On  that  account,  it  would  tend  neither 
to  move  farther  away  from  nor  to  return  to  its 


original  level.  It  therefore  would  be  in  a  state  of 
NEUTRAL  STABILITY.  The  rule  for  this  situa- 
tion is  that  if  the  actual  lapse  rate  for  a  column 
of  saturated  air  is  equal  to  the  saturation 
adiabatic  lapse  rate,  the  colunui  is  neutrally 
stable. 


Conditional  Instability 

In  the  treatment  of  stability  and  instability  so 
far,  only  air  that  was  either  dry  or  saturated  was 
considered.  Under  normal  atmospheric  condi- 
tions natural  air  is  unsaturated  to  begin  with, 
but  becomes  saturated  if  lifted  far  enough.  This 
presents  no  problem  if  the  actual  lapse  rate  for 
the  column  of  air  is  greater  than  the  dry 
adiabatic  lapse  rate  (absolutely  unstable)  or  if 
the  actual  lapse  rate  is  less  than  the  saturation 
adiabatic  lapse  rate  (absolutely  stable).  However, 
if  the  lapse  rate  for  a  column  of  natural  air  lies 
between  the  dry  adiabatic  lapse  rate  and  the 
saturation  adiabatic  lapse  rate,  the  air  may  be 
stable  or  unstable,  depending  upon  the  distribu- 
tion of  moisture.  When  the  actual  lapse  rate  of  a 
column  of  air  lies  between  the  saturation  adia- 
batic lapse  rate  and  the  dry  adiabatic  lapse  rate, 
the  equilibrium  is  termed  CONDITIONAL  IN- 
STABILITY, because  the  stability  is  conditioned 
by  the  moisture  distribution.  The  equilibrium  of 
this  column  of  air  is  determined  by  the  use  of 
positive  and  negative  energy  areas.  The  deter- 
mination of  an  area  as  positive  or  negative 
depends  upon  whether  the  environment  is  colder 
or  warmer  than  the  ascending  parcel.  Positive 
areas  are  conducive  to  instability;  negative  areas 
are  coiuiucive  to  stability. 

TYPES  OF  CONDITIONAL  INSTA- 
BILITY.-Conditional  instability  may  be  one  of 
three  types.  The  REAL  LATENT  type  is  a 
condition  in  which  the  positive  area  is  larger 
than  the  negative  area  (potentially  unstable). 
The  PSEUDOLATENT  type  is  a  condition  in 
which  the  positive  area  is  smaller  than  the 
negative  area  (potentially STABLE). The  stable 
type  is  a  condition  in  which  there  is  no  positive 
area. 

ENERGY  AREAS  FOR  MECHANICAL 
LIFTING.  A  negative  area  is  the  area  on  a  Skew 
T  diagram)  bounded  by  the  temperature  curve, 
the  dry  adiabat  from  the  surface  point  to  the 
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lifting  condensation  level  (LCL):an(I  the  moist 
adiabat  trom  the  LCL  to  its  inteisection  with 
the  temperature  curve  (this  point  on  the  temper- 
ature curve  is  termed  the  level  of  free  convection 


(LFO).  In  figure  3-12,  the  negative  area  is 
shaded  with  dashed  hnes. 

A  positive  area  is  the  area  (on  a  Skew  T 
diagram)  to  the  right  of  the  temperature  curve. 


AG.403 

Figure  3-12.-LCL,  LFC,  and  negative  and  positive  areas-mechanical  lifting. 
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bounded  by  the  temperature  curve  and  the 
saturation  adiabat  extended  upward  from  the 
LFC.  In  figure  3-12,  it  is  shaded  with  a  cross 
pattern. 


ENERGY  AREAS  FOR  CONVECTIVE 
LIFTING.- If  lifting  by  convection  is  expected, 
the  negative  area  is  determined  by  locating  the 
intersection  of  the  temperature  curve,  the  average 
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Figure  3-13.-CCL,  and  negative  and  positive  areas-convective  lifting. 
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mixing  ratio,  and  a  dry  adiabat.  The  average 
mixing  ratio  is  chosen  because  more  than  just 
surface  parcels  are  involved  in  convective  activ- 
ity. The  standard  practice  is  to  average  the 
mixing  ratio  for  a  100-mb  stratum  above  the 
surface,  or  to  average  the  mixing  ratio  for  the 
moist  surface  layer  when  it  is  less  than  100 
millibars  in  vertical  extent.  In  addition,  each 
locality  should  add  a  small  factor,  determined 
locally,  to  allow  for  an  increase  in  moisture;  this 
is  especially  true  on  coastlines  or  near  large 
rivers  and  lakes.  This  procedure  insures  use  of  a 
realistic  moisture  content  for  the  lower  layer 
(which  will  be  thoroughly  mixed  in  the  con- 
vective process).  This  level  is  known  as  the 
con* ;  ive  condensation  level  (CCL).  The  area 
downward  from  this  intersection  and  bounded 
by  the  temperature  curve  and  the  dry  adiabat  is 
the  negative  area.  It  represents  the  energy  which 
must  be  supplied  in  order  that  a  parcel  of  air  will 
rise  from  the  surface  to  a  level  where  it  will 
continue  to  rise  without  a  supply  of  energy  from 
an  outside  source.  The  intersection  of  the  dry 
adiabat  drawn  from  the  CCL  with  the  surface 
level  determines  the  surface  temperature  neces- 
sary for  free  convection.  Notice  that  in  this 
situation  the  negative  area  is  to  the  right  of  the 
temperature  curve,  whereas  with  mechanical 
Ufting  the  negative  area  is  to  the  left  of  the 
temperature  curve.  (See  fig.  3-13.) 

The  positive  area  in  a  situation  of  convective 
lifting  is  the  area  to  the  right  of  the  temperature 
curve,  bounded  by  the  temperature  curve  and 
the  saturation  adiabat  extended  from  the  inter- 
section of  the  mixing  ratio  and  the  temperature 
curve;  that  is,  the  CCL.  (See  fig.  3-13.) 


Au  toconvection 

AUTOCONVECTION  is  a  condition  which  is 
started  spontaneously  by  a  layer  of  air  when  the 
lapse  rate  of  temperature  is  such  that  density 
increases  with  elevation.  For  density  to  increase 
with  altitude,  the  lapse  rate  must  be  equal  to  or 
exceed  3.42°C  per  100  meters.  (This  is  the 
AUTOCONVECTIVE  LAPSE  RATE.)  An  ex- 
ample of  this  condition  is  found  to  exist  near 
the  surface  of  the  earth  in  a  road  mirage  or  a 
dust  devil.  These  occur  over  surfaces  which  are 
easily  heated,  such  as  the  desert,  open  fields, 


etc.,  and  are  usually  found  during  periods  of 
intense  surface  heating. 

Convection  Stability 
and  Instability 

In  the  discussion  so  far  of  convection  stability 
and  instability,  PARCELS  of  air  have  been 
considered.  Let  us  now  examine  LAYERS  of  air. 
A  layer  of  air  which  is  originally  stable  may 
become  quite  unstable  due  to  moisture  distribu- 
tion if  the  entire  layer  is  lifted. 

Convective  stability  is  the  condition  that 
occurs  when  the  equilibrium  of  a  layer  of  air, 
because  of  the  temperature  and  humidity  dis- 
tribution, is  such  that  when  the  entire  layer  is 
lifted,  its  stability  is  increased. 

Convective  instability  is  the  condition  of 
equilibrium  of  a  layer  of  air  occurring  when  the 
temperature  and  humidity  distribution  is  such 
that  when  the  entire  layer  of  air  is  lifted,  its 
instability  is  increased. 

CONVECTIVE  STABILITY.-Consider  a 
layer  of  air  whose  humidity  distribution  is  dry  at 
the  bottom  and  moist  at  the  top.  If  the  layer  of 
air  is  lifted,  the  top  and  the  bottom  will  cool  at 
the  same  rate  until  the  top  reaches  saturation. 
Thereafter,  the  top  will  cool  less  rapidly  than 
the  bottom.  The  top  will  cool  saturation  adia- 
baticajly;  the  bottom  will  still  continue  to  cool 
dry  adiabatically.  The  lapse  rate  for  the  layer 
then  will  decrease.  The  stability  will  increase. 

The  layer  nuist  be  unstable  at  the  beginning 
and  may  become  stable  when  lifting  takes  place. 

In  a  layer  that  is  convectively  stable,  the 
equivalent  potential  temperature  increases  with 
elevation. 

CONVECTIVE  INSTABILITY.-Consider  a 
layer  of  air  in  which  the  air  at  the  bottom  is 
moist  and  the  air  at  the  top  of  the  layer  is  dry.  If 
this  layer  of  air  is  lifted,  the  bottom  and  the  top 
will  cool  dry  adiabatically  until  the  lower 
portion  is  saturated.  The  lower  part  will  then 
cool  saturation  adiabatically  while  the  top  of  the 
layer  is  still  cooling  dry  adiabatically.  The  lapse 
rate  then  begins  to  increase,  the  instability 
increasing. 

In  a  layer  of  convectively  unstable  air,  the 
equivalent  potential  temperature  DECREASES 
with  elevation. 
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In  order  to  determine  the  convective  stability 
or  mstability  of  a  layer  of  air,  you  should  first 
know  why  you  expeet  the  lifting  of  a  whole 
layer.  The  obvious  answer  is  an  orographic 
barrier  or  a  frontal  surface.  Next,  determine  how 
much  hfting  is  to  be  expected  and  at  what  level 
does  It  commence,  for  you  need  not  necessarily 
have  to  lift  a  layer  of  air  close  to  the  surface  of 
the  earth.  The  amount  of  lifting  will,  of  course, 
depend  on  the  situation  at  hand.  In  determining 
the  convective  stability  or  instability  of  a  layer 
of  an'  at  a  particular  locality  proceed  as  follows: 

1.  Lift  the  lowest  end  of  the  lapse  rate  along 
the  appropriate  adiabat(s)  (dry,  moist,  or  dry 
then  moist  upon  saturation)  for  a  predetennined 
number  of  millibars. 

2.  Lift  the  upper  end  of  the  lapse  rate  along 
the  appropriate  adiabat(s)  for  an  equal  number 
of  millibars. 

3.  Connect  the  upper  to  the  lower  point  thus 
formed  with  a  straight  line,  representing  the  new 
lapse  rate. 

Stability  Determination  from 
Existing  Lapse  Rate 

We  can  very  simply  test  the  stability  condi- 
tions of  the  plotted  sounding  by  observing  the 
observed  temperatures  and  lapse  rates  in  refer- 
ence to  superimposed  lines  representing  the  dry 
and  moist  adiabatic  lapse  rates  on  the  Skew  T 
diagram. 

[•or  instance,  if  we  observe  that  the  lapse  rate 
on  the  actual  sounding  is  to  the  right  of  the 
moist  adiabatic  rate,  the  air  is  absolutely  stable. 
If  it  lies  between  the  moist  and  dry  adiabatic 
lapse  rates,  its  stability  is  dependent  on  the 
moisture  present,  and  it  is  called  conditionally 
stable.  If  the  lapse  rate  is  greater  than  the  dry 
adiabatic  lapse  rate,  we  have  absolute  instability 
m  the  air  and  can  expect  vertical  currents  to 
cause  turbulence  in  that  area. 

Figure  3-14  diustrates  the  varying  degrees  of 
air  stability  which  are  directly  related  to  the  rate 
at  which  the  temperature  changes  with  height. 

Determining  Bases  of 
Convective  Type  Clouds 

We  have  seen  from  our  foregoing  discussion  in 
an  earlier  section  of  this  chapter  that  moisture  is 


important  in  determining  certain  stability  condi- 
tions in  the  atmosphere.  We  know,  too,  that  the 
difference  between  the  temperature  and  the 
dewpoint  is  an  indication  of  the  relative  humid- 
ity, and  that  when  the  dewpoint  and  the 
temperature  are  the  same,  the  air  is  saturated 
and  some  form  of  condensation  cloud  may  be 
expected.  This  lends  itself  to  a  means  of 
estimating  the  height  of  the  base  of  clouds 
formed  by  surface  heating;  that  is,  cumuliform 
type  clouds,  when  the  surface  temperature  and 
dewpoint  are  known.  We  know  that  the  dew- 
point  will  decrease  in  temperature  at  the  rate  of 
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Figure  3-14.-Degrees  of  stability  in  relation 
to  temperature  changes  with  height. 

I°F  per  1,000  feet  during  a  lifting  process.  The 
ascending  parcel  in  the  convective  current  will 
experience  a  decrease  in  temperature  of  about 
5  l/2°F  per  1,000  feet.  Thus  the  dewpoint  and 
the  temperature  approach  each  other  at  the  rate 
of  4  l/2°F  per  1,000  feet.  As  an  example, 
consider  the  surface  temperature  to  be  80^F  and 
the  surface  dewpoint  62° F,  a  difference  of 
18°F.  This  difference,  divided  by  the  approx- 
imate rate  that  the  temperature  approaches  the 
dewpoint  (4  1/2° F  per  1,000  ft)  indicates  the 
approximate  height  of  the  base  of  the  clouds 
caused  by  this  lifting  process  (18  ^  4  1/2  = 
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DEGREES  FAHRENHEIT 

AG.406 

Figure  3-15.-Determination  of  cloud's  base  when  the 
dewpoint  and  temperature  are  known. 

The  Aerographer's  Mate  should  remember 
that  this  method  cannot  be  applied  to  all  cloud 
types,  but  is  limited  to  clouds  formed  by 
convection  currents,  such  as  summertime  cumu- 
lus clouds,  and  only  in  the  locality  where  the 
clouds  form.  It  is  not  valid  around  maritime  or 
mountainous  areas. 


Stability  in  Relation 
to  Cloud  Type 

When  a  cloud  is  formed,  the  stability  of  the 
atmosphere  helps  to  detennine  the  type  of  cloud 
fornied.  For  example,  if  the  air  is  very  stable  and 
it  is  being  forced  to  ascend  the  side  of  a 
mountain  <fig.  3-16),  the  cloud  formed  will  be 
layerlike  with  little  vertical  development  and 
with  little  or  no  turbulence.  If,  however,  the  air 
is  unstable  in  the  situation,  the  clouds  formed 
would  have  vertical  development  and  turbulence 
would  be  expected  with  them.  The  base  of  this 
type  of  cloud  would  be  determined  by  mechani- 
cal lifting  and  by  the  LCL. 

ELECTROMAGNETIC  RADIATION 

Electromagnetic  energy  as  related  to  liglit  and 
heat  were  discussed  in  AG  3  &  2,  NavTra 
10363-D.  The  various  types  of  electromagnetic 
energy  comprising  the  electromagnetic  spectrum 
are  radio,  infrared,  visible,  ultraviolet,  x-rays, 
gamma  rays,  and  cosmic  rays.  (See  fig.  3-17.) 

The  term  spectrum,  as  it  is  used  here,  refers  to 
the  whole  range  of  electromagnetic  radiations. 
Although  the  basic  nature  of  electromagnetic 
waves  is  the  same  (for  example,  they  all  travel  at 
186,000  miles  per  second),  they  do  differ  in 
their  wavelength.  The  wavelength  determines 


Figure  3.16.--lllustration  showing  that  very  stable  air  retains  its  stability  even  when  It  is  forced  upward,  iormt^a^^ 
Tiai  Cloud.  Air  which  is  potentially  unstable  when  forced  upward  becomes  turbulent  and  forms  a  towering  cloud. 
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SCHEMATIC  DIAGRAM  OF  THE  DISTRIBUTION  OF  ENERGY  IN  THE  SOLAR  SPECTRUM. 
(NOT  TO  SCALE)  THE  NUMBERS  ARE  PERCENTAGES  OF  THE  SOLAR  CONSTANT.  THE 
FIGURE  FOR  THE  RADIO  ENERGY  IS  FOR  THE  OBSERVED  BAND  FROM  15  TO  30,000  MHZ. 
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Figure  3-17.-Electromagnetic  spectrum. 
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whether  they  will  be  categorized  as  infrared, 
ultraviolet,  radio,  etc. 

During  periods  of  significant  solar  activity, 
radiative  energy  increases  of  as  much  as  l,UO0 
percent  may  occur  in  various  frequency  ranges 
(radio,  ultra-violet,  and  x-ray).  This  energy 
contribution  to  the  total  emission  over  the 
entire  spectrum  is  very,  very  small  because  these 
frequency  ranges  account  for  such  a  small  part 
of  the  total  energy,  as  shown  in  the  upper  part 
of  figure  3-17.  However,  this  energy  increase  in 
these  particular  frequencies  is  extremely  sign'- 
ficant  in  its  effect  on  some  of  man's  activities;  in 
particular,  it  is  significant  to  military  operations 
which  are  concerned  with  satellite  surveillance 
and  with  communications.  Consequently,  some 


military  units  are  currently  monitoring  solar 
activity,  and  reporting,  analyzing,  and  predicting 
solar  activity.  The  U.S.  Navy  has  developed  a 
system  for  space  environmental  monitoring  and 
related  forecasting  technology-SOLRAD-HI 
(Solar  Radiation-High  Altitude)  Satellite  Experi- 
ment. Launch  of  the  satellites  is  scheduled  for 
the  mid-70's;  a  Naval  Weather  Service  Solar 
Forecast  Center  is  scheduled  for  establishment 
in  the  latter  half  of  the  70's.  From  this,  it  should 
be  apparent  that  the  Aerographer's  Mate  must 
have  some  knowledge  of  solar  activity  and  its 
effects.  This  chapter  will  provide  some  general 
information  on  the  sun,  its  atmosphere,  and 
some  of  the  more  notable  features  of  the  solar 
disk,  A  later  chapter.  Special  Observations  and 
Forecasts,  will  provide  additional  information. 
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Figure  3-18,-One.quarter  cross-section  depicting  solar  structure. 
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FEATURES  OF  THE  SOLAR  DISK 

The  term  solar  disk  refers  to  a  visual  image  of 
the  outer  surface  of  the  sun  as  observed  from 
outside  regions. 

The  sun  may  be  described  as  a  globe  of  gas 
heated  to  incandescence  by  thermonuclear  reac- 
tions from  within  the  central  core.  (See  fig. 
3-18.) 

The  tremendous  heat  (or  energy)  generated 
from  within  the  sun's  core  is  transported  by  tht* 
radiative  transfer  of  photons  (a  measurement  of 
gamma  radiation),  which  bounce  from  atom  to 
atom  similar  to  bouncing  balls  tlirougli  the 
radiative  zone.  Within  the  convective  zone, 
which  extends  very  nearly  to  the  sun's  surface, 
the  heated  gases  are  raised  buoyantly  upwards 
with  some  cooling  occurring  and  subsequent 

ERLC 


convective  action  as  within  the  earth's  atmos- 
phere. The  gases  are  cooled  to  approximately 
6,000  K  (Kelvin  or  absolute)  at  the  sun's 
surface. 

The  main  body  of  the  sun,  although  com- 
posed of  gases,  is  opaque  and  has  a  well-defined 
visible  surface  referred  to  as  the  photosphere. 
This  is  the  source  we  see  from  which  all  the  light 
and  heat  of  the  sun  is  radiated.  Above  the 
photosphere  is  a  more  transparent  gaseous  layer 
referred  to  as  the  chromosphere  with  a  thickness 
of  about  10,000  km.  It  is  hotter  than  the 
photosphere.  Above  the  chromosphere  is  the 
corona,  a  low  density  high  temperature  region, 
which  is  extended  far  out  into  interplanetary 
space  by  the  solar  wind-a  steady  outward 
streaming  of  the  coronal  material.  Much  of  the 
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Figure  3-19.-Features  of  the  solar  disk. 


solar  x-ray  and  solar  radio  eni!h.>ioii  originates  ni 
the  corona. 

Within  the  solar  atmosphere  certani  nioic 
transient  phenomena  (referred  to  as  solar  acti\* 
ity)  occur  just  as  cyclones,  frontal  systems,  and 
thunderstorms  occur  within  the  atmosphere  of 
the  earth.  This  activity  may  consist  of  the 
phenomena  discussed  in  the  following  para- 
graphs which  collectively  describe  the  features 
of  the  solar  disk.  (See  llg,  3-1^).) 


Solar  Prom incnccs/Filamen ts 

Solar  prominences/filaments  are  injections  of 
gases  from  the  chromosphere  into  the  corona. 
They  appear  as  great  clouds  of  gas.  sometimes 
resting  on  the  sun's  surface  and  at  other  times 


lloatuig  fiee  with  no  visible  connection.  When 
viewed  against  the  solar  disk  as  illustrated  in 
figuie  3-^).  !*u*v  appear  as  long  dark  ribbons 
and  arc  called  filaments:  when  viewed  against 
the  solar  limb,  they  appear  bright  and  are  called 
prominences.  They  di^play  a  variety  of  shapes, 
sizes,  and  activity  which  defy  general  descrip- 
tion, the^  have  a  fibrous  structure  and  appear  to 
resist  solar  gravity.  They  may  extend  30,000  to 
40.000  km  above  the  chromosphere,  The  more 
active  types  appear  hotter  than  the  surrounding 
atmosphere  with  temperatures  near 
lO.OOO.OOO^'K. 

Sunspots 

Sunspots  are  regions  of  strong  localized  mag- 
netic Helens  and  indicate  relatively  cool  areas  in 
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the  photosphere.  They  appear  darker  than  their 
surroundings  and  may  appear  singly  or  in  more 
complicated  groups  dominated  by  larger  spots 
near  the  center.  (See  fig.  3-19.) 

Sunspots  begin  as  small  dark  areas  known  iis 
pores.  1  hese  pores  develop  into  full-fledged  spots 
in  a  few  days,  wuu  maximum  development 
occurring  in  about  I  to  2  weeks.  Decaying  of  the 
sunspots  consists  of  the  spot  shrinking  in  size 
with  an  accompanying  decrease  in  the  magnetic 
field.  This  life  cycle  may  consist  of  a  lew  days 
for  small  spots  to  near  100  days  for  larger 
groups.  The  larger  spofs  normally  measure  about 
120,000  km.  Sunspots  appear  to  have  cyclic 
variations  in  intensity,  varying  througli  a  period 
of  about  8  to  17  years.  Variation  in  number  and 
size  will  oc';ur  througliout  the  sunspot  cycle.  As 
a  cycle  commences,  a  few  spots  are  observed  at 
high  latitudes  of  both  solar  hemispheres,  in- 
creasing in  size  and  number.  They  gradually  drift 
equatorward  as  the  cycle  progresses,  reaching  a 
maximum  in  about  4  years.  After  this  period, 
decay  will  set  in  and  near  the  end  of  the  cycle 
only  a  few  spots  appearing  in  the  lower  latitudes 
(5*^  to  10"")  will  be  left. 

Plages 

Plages  such  as  those  indicated  in  figure  3-19 
are  large  irregular  briglit  patches  which  surround 
sunspot  groups.  They  normally  appear  in  con- 
junction with  solar  prominences  or  filaments 
and  may  be  systematically  arranged  in  radial  or 
spiral  patterns.  Plages  are  features  of  the  lower 


chromosphere  and  often  completely  or  partially 
obscure  an  underlying  sunspot. 

Flares 

Solar  flares  are  perhaps  the  most  spectacular 
of  the  eruptive  features  associated  with  solar 
activity.  (See  fig.  3-1 9.)  They  appear  as  flecks  of 
light  wliich  suddenly  appear  near  activity  cen- 
ters, appearing  instantaneously  as  though  a 
switch  were  thrown.  They  rise  sharply  to  peak 
brightness  in  a  few  minutes,  then  decline  more 
gradually.  The  number  of  flares  may  increase 
rapidly  over  an  area  of  activity.  Small  flarelike 
briglitenings  are  always  in  progress  during  the 
more  active  phase  of  activity  centers.  In  some 
instances  flares  nny  take  the  fonii  of  prom- 
inences, violently  ejecting  material  into  the  solar 
atmosphere  and  breaking  into  smaller  higlispeed 
blobs  or  clots.  Flare  activity  appears  to  vary 
widely  between  solar  a.:tivity  centers.  The  great- 
est flare  productivity  seems  to  be  during  the 
week  or  10  days  when  sunspot  activity  is  at  its 
maximum. 

Flares  arc  classified  according  to  size  and 
briglitness.  In  general,  the  higher  the  importance 
classification,  the  stronger  the  geophysical  ef- 
fects. Sonic  phenomena  associated  with  solar 
flares  have  immediate  effects;  others,  delayed 
effects  (15  minutes  to  72  hours  after  flare). 
Such  phenomena  as  communications  problems 
and  plans  for  moving  toward  a  solution  to  these 
problems  are  briefly  discussed  in  chapter  16  of 
this  manual. 


CHAPTER  4 

ATMOSPHERIC  CIRCULATION 


The  direction  of  motion  air  follows  within  the 
atmosphere  may  be  either  horizontal  or  vertical, 
or  it  miglit  move  both  horizontally  and  verti- 
cally. It  is  very  important  for  the  Aerographer's 
Mate  to  be  able  to  determine  the  types  of 
motion  which  exist  and  understand  the  effects 
this  motion  may  have  on  weather  changes  within 
the  atmosphere.  It  must  be  remembered  that  the 
existing  atmospheric  circulations  (air  move- 
ments) will  continually  cause  changes  in  pres- 
sure, temperature,  and  moisture  content  as  well 
as  various  other  factors  comprising  the  total 
atmosphere. 

BASIC  WIND  THEORY 

The  basic  rules  pertaining  to  the  relationships 
between  pressure  gradient  and  wind  'A^ere  dis- 
cussed in  chapter  5  of  AG  3  &  1,  NavTra 
10363-D,  along  with  a  brief  discussion  of  geo- 
strophic  and  gradient  wind. 

In  this  section  we  will  take  a  closer  look  at 
these  circulations,  the  forces  involved,  and  the 
effect  they  have  on  the  general  circulation. 

GEOSTROPHICWIND 

GEOSTROPHIC  WIND  is  a  steady  horizontal 
air  motion  along  straight,  parallel  isobars  in  an 
unchanging  pressure  field,  with  gravity  the  only 
external  force,  and  in  a  direction  perpendicular 
to  that  in  which  the  Coriolis  force  and  the 
pressure  gradient  force  as  acting  equally  and 
oppositely. 

In  the  above  definition  you  may  have  noted 
that  gravity  is  the  only  external  force.  Thus,  it 
should  be  apparent  that  in  order  to  have 
geostrophic  wind,  there  must  be  no  frictional 


force  involved.  Let  us  consider,  then,  a  parcel  of 
air  from  the  time  it  begins  to  move  until  it 
develops  into  a  geostrophic  wind. 

As  soon  as  a  parcel  of  air  starts  to  move  due 
to  the  pressure  gradient  force,  the  Coriolis  force 
begins  to  deflect  it  from  the  direction  of  the 
pressure  gradient  force.  The  Coriolis  force  is  the 
apparent  force  exerted  upon  a  parcel  of  air  due 
to  the  rotation  of  the  earth.  This  force  acts  to 
the  right  of  the  path  of  motion  of  the  parcel  of 
air  in  the  Northern  Hemisphere  and  to  the  left  in 
the  Southern  Hemisphere.  It  always  acts  at  right 
angles  to  the  direction  of  motion.  In  the  absence 
of  friction,  the  Coriolis  force  will  change  the 
direction  of  motion  of  the  parcel  until  the 
Coriolis  force  and  the  pressure  gardient  force  are 
in  balance.  When  the  two  forces  are  equal  and 
opposite,  the  wind  will  blow  parallel  to  the 
straight  isobars.  It  may  be  well  to  remember  that 
the  Coriolis  force  affects  the  direction  but  not 
the  speed  of  the  motion  of  the  air.  Normally, 
Coriolis  force  would  not  be  greater  than  the 
pressure  gradient  force.  In  the  case  of  super- 
gradient  winds,  Coriolis  force  may  be  greater 
than  the  pressure  gradient  force.  This  will  cause 
the  wind  to  be  deflected  more  to  the  right  in  the 
Northern  Hemisphere,  or  toward  higher 
pressure. 

Figure  4-1  shows  from  left  to  right  the 
changes,  in  three  stages,  that  take  place  from  the 
time  the  parcel  of  air  begins  to  move  until  the 
final  development  of  a  geostrophic  wind.  The 
vectors  in  the  illustration  indicate  direction 
only,  not  magnitude. 

Geostrophic  wind  is  dependent  to  a  certain 
extent  upon  the  density  of  the  atmosphere  and 
the  latitude.  If  the  density  and  the  pressure 
gradient   remain   constant  and   tho  latitude 
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Figure  4-l.-Geostrophic  wind. 


increases,  the  wind  speed  decreases.  On  the  other 
hand,  if  the  latitude  decreases,  the  wind  speed 
increases.  If  the  density  and  the  latitude  remain 
constant  and  the  pressure  gradient  decreases,  the 
wind  speed  decreases.  If  the  pressure  gradient 
and  the  latitude  remain  constant  and  the  density 
decreases,  the  wind  speed  increases.  If  the 
density  increases,  the  wind  speed  decreases. 

True  geostrophic  wind  is  seldom  observed  in 
nature,  but  the  conditions  are  cloi,oly  approx- 
imated on  upper-level  charts. 

GRADIENT  WIND 

GRADIENT  WIND  is  the  wind  that  flows 
parallel  to  the  curved  isobars  in  an  UNCHANG- 
ING PRESSURE  FIELD,  when  the  centrifugal, 
Coriolis,  and  pressure  gradient  forces  balance*  As 
in  the  case  of  geostrophic  wind,  there  is  no 
frictional  force  acting.  True  gradient  winds  arc 
rarely  observed  in  nature,  but  rather  a  mutual 
coexistence  of  supergradient  and  subgradient 
winds.  (In  the  case  of  supergradient  conditions, 
the  wind  would  be  too  strong  for  the  existing 
pressure  gradient  and  would  be  evidenced  by  a 
component  of  the  wind  across  the  isobars 
toward  higher  pressure.) 


Centrifugal  Force 

When  a  parcel  of  air  moves  in  a  curved  path,  a 
force  acts  on  the  parcel  of  air  and  tends  to 
throw  the  parcel  outward  from  the  center  about 
which  it  is  moving.  This  is  CENTRIFUGAL 
FORCE. 


Movement  of  Air  Parcels 
Around  Anticyclones 

The  movement  of  gradient  winds  around  anti- 
cyclones is  affected  in  a  certain  manner  by  the 
pressure  gradient  force,  the  centrifugal  force, 
and  the  Coriolis  force.  As  you  would  expect,  the 
pressure  gradient  force  acts  from  high  to  low 
pressure;  and  the  Coriolis  force  acts  opposite  to 
the  pressure  gradient  force  and  at  right  angles  to 
the  direction  of  movement  of  the  parcel.  The 
centrifugal  force  acts  at  right  angles  to  the  path 
of  motion  and  outward  from  the  center  about 
which  the  parcel  is  moving.  (Sec  fig.  4-2,)  In  this 
case,  the  pressure  gradient  force  and  the'  cen- 
trifugal force  balance  the  Coriolis  force.  (It  may 
be  expressed  in  the  following  manner:  PG  +CF 
=  D.) 
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Movement  of  Air  Parcels 
Around  Cyclones 

As  in  the  case  of  anticyclones,  gradient  winds 
around  cyclones  are  affected  by  the  pressure 
gradient  force,  the  centrifugal  force,  and  the 
Coriolis  force,  but  the  balance  of  the  forces  is 
different.  (See  fig.  4-2.)  In  a  cyclonic  situation 
the  pressure  gradient  force  is  balanced  by  the 
Coriolis  force  and  the  centrifugal  force.  (It  may 
be  expressed  in  the  following  manner:  PG  =  D  + 
CF.) 

Centrifugal  force  acts  WITH  the  pressure 
gradient  force  when  the  circulation  is  anticy- 
clonic  and  AGAINST  the  pressure  gradient  force 
when  the  circulation  is  cyclonic.  Therefore, 
wind  velocity  will  be  greater  with  an  anticyclone 
than  with  a  cyclone  of  the  same  isobaric  spacing. 

Conservation  of  Angular  Momentum 

The  apparent  deflection  of  a  parcel  of  air 
moving  from  south  to  north  or  from  north  to 
south  may  be  explained  on  the  basis  of  the  law 
of  CONSERVATION  OF  ANGULAR  MOMEN- 


TUM.  This  law  states  that  the  angular  velocity  of 
a  parcel  multiplied  by  the  radius  of  rotation 
squared,  is  equal  to  a  constant.  In  equation  form 
this  may  be  written  cjr^  =  R,  where  cj  is  the 
angular  velocity  of  the  parcel.  (The  angular 
velocity  of  a  parcel  is  the  value  of  the  angle 
through  which  a  parcel  moves  per  unit  time;  it  is 
not  linear  distance.)  The  radius  of  rotation,  that 
is,  the  perpendicular  distance  the  parcel  is  from  * 
the  axis  of  rotation  of  the  earth,  is  represented 
by  r.  The  constant  is  represented  by  R. 

If  a  parcel  of  air  moves  northward  in  the 
Northern  Hemisphere,  its  radius  of  rotation 
decreases.  If  r  becomes  smaller,  cj  must  become 
larger  in  order  that  the  product  of  and  a; 
remain  the  same.  If  cj  becomes  larger,  the  parcel 
will  have  a  tendency  to  move  eastward  relative 
to  the  earth*s  surface.  That  this  actually  happens 
can  be  demonstrated  on  a  globe.  For  example, 
let  us  assume  that  a  parcel  of  air  is  moving 
northward  along  a  particular  longitude  at  point 
A  in  figure  4-3.  By  the  time  the  longitude  has 
reached  point  A'  the  parcel  of  air  has  moved  to 
B  because  the  angular  velocity  must  increase  due 
to  the  decrease  of  the  radius  of  rotation.  The 
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distance  from  A  to  A'  must  equal  the  distance 
from  B  to  C.  C  is  the  point  the  parcel  would 
have  reached  if  the  earth  were  tatioiiary. 


AG.413 

Figure  4-3.— Parcel  of  air  moving  northward 
in  the  Northern  Hemisphere. 

If  a  parcel  of  air  moves  southward  in  the 
Northern  Hemisphere,  the  radius  of  rotation 
increases  and  the  angular  velocity  decreases. 
However,  the  parcel  of  air  is  apparently  still 
deflected  to  the  right. 

In  the  Southern  Hemisphere  the  apparent 
deflection  of  a  northward  or  southward  moving 
parcel  of  air  is  to  the  left. 

Variations 

In  view  of  the  foregoing  discussion  of  the 
movement  of  air  parcels  around  cyclones  and 
anticyclones,  it  can  be  seen  that  with  the  same 
density,  pressure  gradient,  and  latitude,  the  wind 
will  be  weaker  around  a  low-pressure  cell  than  a 
high-pressure  cell.  This  can  also  be  seen  from  a 
comparison  of  the  two  types  of  gradient  winds 
with  the  geostrophic  wind.  The  wind  we  observe 
on  a  synoptic  chart  is  usually  stronger  around 
low  cells  than  high  cells  because  the  pressure 
gradient  is  usually  stronger  around  the  low- 
pressure  cell. 

In  summary,  under  given  conditions  of  lati- 
tude, density,  and  pressure  gradient,  the  geo- 
strophic wind  is  stronger  than  the  gradient  wind 
around  a  low  and  is  weaker  than  a  gradient  wind 
around  a  high.  It  is  for  this  reason  that  isobar 
spacing  and  contour  spacing,  when  the  flow  is 


curved,  differ  from  that  determined  by  a  geo- 
strophic wind  scale.  It  should  be  borne  in  mind 
that  if  the  flow  under  consideration  is  around  a 
higlhpressure  cell,  the  isobars  will  be  farther 
apart  than  indicated  by  the  geostrophic  wind 
scale.  And,  if  the  flow  under  consideration  is 
around  a  low-pressure  cell,  the  isobars  will  be 
closer  together  than  indicated  by  the  geo- 
strophic wind  scale. 

Geostrophic  and  Gradient 
Wind  Scales 

There  are  a  number  of  scales  available  for 
measi5ring  both  geostrophic  and  gradient  flow- of 
both  surface  and  upper  air  charts.  For  a  detailed 
discussion  of  the  theory  and  construction  of 
these  scales  consult  Meteorological  Wind  Scales, 
NavWeps  50-1P-55K  An  explanation  of  the  use 
of  these  scales  is  covered  in  chapter  6  of  this 
training  manual. 

Some  of  the  weather  plotting  charts  in  use  in 
the  Naval  Weather  Service  have  geostrophic  wind 
scales  printed  on  them  for  both  isobaric  and 
contour  spacing.  A  number  of  other  scales  are 
available  from  other  publications  and  sources. 

The  two  common  scales  in  general  usage  are 
for  sea  level  (4-mb  isobars)  and  the  pressure 
contour  scale.  The  first  is  a  scale  used  in 
determining  the  geostrophic  wind  speed,  or 
isobar  spacing  on  surface  (.sea  level)  charts,  and 
the  other  is  used  for  determining  the  geostrophic 
wind  speed  for  contour  spacing  on  constant/ 
pressure  charts.  In  tropical  regions,  the  geo- 
strophic wind  scales  become  less  reliable  due  to 
the  fact  that  pressure  gradients  are  generally 
rather  weak. 

CYCLOSTROPHIC  WIND 

In  some  atmospheric  conditions,  the  radius  of 
rotation  becomes  so  small  that  the  centrifugal 
force  becomes  quite  great  in  comparison  with 
the  Coriolis  force.  This  is  particulariy  true  in  low 
latitudes  where  the  Coriolis  force  is  quite  small 
to  begin  with.  In  this  case,  the  pressure  gradient 
force  is  nearly  balanced  by  the  centrifugal  term 
alone.  When  this  occurs,  the  wind  is  said  to  be 
cyclcstrophic  in  flow.  By  true  definition,  a 
cyclostrophic  wind  exists  when  the  pressure 
gradient  force  is  balanced  by  the  centrifugal 
force  alone. 
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This  exact  situation  rarely  exists,  but  is  so 
nearly  reached  in  some  situations  that  the  small 
Coriolis  effect  is  neglected  and  the  flow  is  said 
to  be  cyclostrophic.  Winds  in  a  hurricane  or 
typhoon,  and  the  winds  around  a  tornado  are 
thought  to  be  cyclostrophic. 

FRICTIONAL  EFFECTS 

The  surface  wind  is  usually  about  f.vo-thirds 
of  the  geostrophic  wind.  This  reduction  in  wind 
speed  is  caused  by  friction.  Since  the  Coriolis 
force  varies  with  the  speed  of  the  wind,  a 
reduction  in  the  wind  speed  by  friction  means  a 
reduction  in  the  Coriolis  force.  This  results  in  a 
momentary  disruption  of  the  balance  and  when 
the  new  balance,  including  friction  is  reached, 
the  air  blows  at  an  angle  across  the  isobars  from 
high  pressure  to  low  pressure.  The  angle  varies 
from  10°  over  the  ocean  to  as  much  as  45°  over 
mgged  terrain.  Frictional  effects  on  the  air  are 
greatest  near  the  ground,  but  the  effects  arc  also 
carried  aloft  by  turbulence.  Surface  friction  is 
effective  in  slowing  down  the  wind  up  to  about 
1,500  to  3,060  feet  above  the  ground.  Above 
4his  level  the  effect  of  friction  decreases  rapidly 
and  may  be  considered  negligible  for  all  parctical 
purposes.  Therefore,  air  at  about  3,000  feet  or 
more  above  the  ground  usually  lends  to  flow 
parallel  to  the  isobars. 

THE  GENERAL  CIRCULATION 

The  interplay  of  the  factors  which  accomplish 
the  balance  of  heal  in  the  atmosphere  is  random, 
though  always  in  response  to  cause.  The  atmo- 
sphere as  a  whole  is  constantly  in  the  process  of 
trying  to  establish  equilibrium.  In  this 
equilibrium-seeking  process,  a  general  pattern  of 
windflow  is  established  the  general  circulation. 

The  general  circulation  of  the  atmosphere  is 
prcciselv  that.  Irregularities  within  that  circula- 
tion  are  the  nile  rather  than  the  exception  and 
for  this  reason  the  general  circulation  is  not 
covered  at  great  length. 

THEORY 

The  basis  for  the  primary  circulation  is 
thermally  driven  motion  of  air  expressed  in 
terms  of  a  solenoidal  field.  The  earth's  atmo- 
sphere is  a  huge,  inefficient  heat  engine  convert- 
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ing  potential  energy  as  represented  by  heat 
differences  into  kinetic  energy  of  motion.  The 
wide  equatorial  belt  between  latitudes  35^  N 
and  35"^  S,  representing  over  one-half  the  earth's 
surface,  with  a  net  gain  of  heat,  and  the  higher 
latitudes  with  a  net  loss  of  heat,  superimposed 
by  a  mean  atmosphere  where  temperature  de- 
creases with  elevation;  adiabatic  contribution  of 
temperature;  the  expansion  of  the  atmosphere 
over  equatorial  regions:  and  the  contraction  of 
the  atmosphere  over  the  poles  form  a  perfect 
situation  for  the  formation  of  a  solenoidal  field. 

A  solenoid  is  a  tube  formed  in  the  atmosphere 
by  the  intersection  of  isotimic  surfaces  (isotimic 
surfaces  are  surfaces  in  space  on  which  the  value 
of  a  given  property  is  everywhere  equaO  of  two 
scalar  quantities.  In  figure  4-4,  the  solenoidal 
field  is  representative  of  the  mean  conditions  in 
the  Northern  Hemisphere.  (Note  the  concentra- 
tion of  solenoids  in  the  middle  latitudes.) 

A  solenoid  in  figure  4-4  is  formed  by  the 
intersection  of  isolines  of  specific  volume  and 
isobars  and  is  shown  by  the  enclosed  area  a,  b,  c, 
and  d.  It  can  be  mathematically  shown  that  the 
work  done  by  a  unit  mass  of  air  in  a  circulation 
arising  from  solenoid-producing  thermal  proc- 
esses can  be  determined  from  the  solenoidal 
field.  The  acceleration  of  such  a  circulation 
depends  on  the  number  of  solenoids  in  the 
atmosphere.  Without  solenoids,  the  circulation 
comes  to  a  standstill.  The  concept  of  a  circula- 
tion arising  from  the  formation  of  solenoids  is 
not  limited  to  the  large-scale  general  circulation, 
but  it  has  equal  application  in  explaining  the 
formation  of  secondary  and  t  ertiary  circulations 
as  well. 

Solenoids  have  little  application  in  everyday 
meteorological  work,  howevc,,  they  have  great 
application  in  avsearch  work,  when  new  con- 
cepts are  formulated  or  new  or  improved  fore- 
casting methods  are  devised.  Solerioidai  repre- 
bentation  has  particular  application  in  numerical 
forecasting  work  when  dealing  with  the  fields  of 
pressure,  density,  and  temperature  in  the  atmo- 
sphere. In  connection  with  this  particular  appli- 
cation, two  other  terms  may  prove  of  value  to 
the  Aerographefs  Mate  because  of  the  ever- 
increasing  use  of  them.  They  are:  baroclinity 
and  barotropy.  A  BAROCLINIC  field  is  one 
where  the  pressure/density  and  temperature 
field  are  nonparallel,  that  is,  it  is  a  solenoidal 
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Figure  44.-'A  solenoidal  field. 


field  with  prcsbure/densitv  and  temperature  as 
coordinates.  A  BAROTROPIC  field  is  one  where 
isovahies  of  pressure/density  and  temperature 
are  parallel  to  each  other:  that  is,  it  contains  no 
solenoids. 

The  solenoidal  presentation  does  not  EX- 
PLAIN the  general  circulation,  it  is  only  the 
BASIS  for  the  general  circulation.  For  an  ex- 
planation of  the  general  circulation  with  the 
zonal  winds,  the  consequent  formation  of  the 
centers  of  action,  and  the  infiuencc  of  migratory 
disturbances,  the  physics  of  motion  must  be 
considered.  Advanced  treatment  of  the  physics 
of  motion  is  given  in  chapter  3  of  this  training 
manual.  The  general  circulation,  secondary  cir 
culation  with  the  centeni  of  action,  monsoon 
circulations,  migratory  disturbances,  and  tertiary 
circulations  are  adequately  treated  in  chapter  5 
of  AG  3  &  2.  The  general  circulation  also 
includes  the  special  circulations,  consisting  pri- 
marily of  the  Jetstream  and  ^onaI  How.  Zonal 
flow  is  the  basis  for  the  /.onal  index.  Both 
special  circulations,  th  jctstrjam  and  zonal 
flow,  receive  treatment  later  in  this  chapter. 

SECONDARY  CIRCULATIONS 

Since  the  earth  does  not  have  a  uniform 
surface,  the  general  circulation,  as  represented 
by  more  or  less  continuous  pressure  belts  around 
the  earth  at  the  various  latitudes,  is  not  a  true 
picture  of  actual  conditions.  Certain  effects 
cause  an  organised  .system  of  highs  and  lows 


known  as  centers  of  action.  There  are  also  closed 
circulations  that  migrate  and  play  an  important 
role  in  the  daily  and  seasonal  changes  of  the 
weather. 

There  are  two  factors  which  cause  the  pres- 
sure belts  of  the  primary  circulation  to  break  up 
into  closed  circulations  of  the  secondary  circula- 
tions. From  our  previous  discussion  in  chapter  2 
of  this  training  manual,  we  know  that  the  earth 
is  composed  of  both  land  and  water  surfaces. 
The  surface  temperature  of  the  ocean  changes 
very  little  during  the  year,  while  in  winter  the 
land  is  cold  and  in  summer  it  is  warm.  In  the 
winter,  highs  form  over  cold  continents  and  the 
lows  over  adjacent  oceans.  The  reverse  is  true  in 
the  summer  except  in  the  area  over  the  warm 
water  belt  near  Greenland  which  tends  to 
maintain  low  pressure.  This  effect  of  the  differ- 
ence in  heating  and  cooling  of  land  and  water 
surfaces  is  known  as  the  thermal  effect. 

Circulation  syscems  are  also  created  by  the 
interaction  of  wind  belts  or  systems,  or  the 
variation  in  wind  in  combination  with  certain 
distributions  of  temperature  and/or  moisture. 
This  is  known  as  the  dynamic  effect.  This  effect 
rarely,  if  ever,  operates  alone,  in  creating  second- 
ary systems,  as  most  of  the  systems  are  both 
created  and  maintained  by  a  combination  of  the 
thermal  and  dynamic  effects. 

CENTERS  OF  ACTION 

When  diagrams  showing  the  distribution  of 
mean  surface  temperature  are  compared  with 
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those  showing  moan  soa  level  pressure,  it  ean 
readily  be  seen  that  the  pressure  hells  of  the 
primary  circulation  are  broken  up  and  lake  a 
more  cellular  stmcture.  The  break  corresponds 
with  regions  showing  ililTerciiccN  in  temperature 
from  land  to  water  surfaces.  These  colls  which 
tend  to  persist  in  a  particular  area  are  called 
centers  of  action:  that  is,  they  are  found  ai 
nearly  the  same  location  with  somewhat  sirnilar 
intensity  during  ihe  same  month  each  year. 

There  is  a  perinanenl  bell  of  reldlivcK  low 
pressure  along  the  Equator  aiid  another  deeper 
ring  of  low  pressure  aroiuid  llic  Anlar^.tiL. 
Permanent  belts  of  high  pressure  largcl\  encircle 
the  earth,  particularly  o\ei  the  oceans,  in  both 
the  Northern  Hemisphere  and  Suuthein  Hemi- 
sphere, wilii  a  number  of  ceniers  of  maxununis 
about  30  to  35  degrees  from  the  Equator. 

SEASONAL  VARIATIONS 

There  are  also  regions  where  the  pressure  is 
predominantly  low  or  high  at  certain  seasons, 
but  noi  throughout  the  year. 

In  the  vicinity  of  Iceland,  pressure  is  low  most 
of  the  lime.  The  water  surface  is  warmer  than 
the  Icecaps  of  Greenland  and  leeland.  The 
Icelandic  low  is  most  inlen.se  in  winter,  when  the 
greatest  temperature  differences  occur  but  it 
persists  with  less  intensity  through  the  .summer. 
The  Aleutian  low  is  most  pronounced  when  the 
neighboring  areas  of  Alaska  and  Siberia  are  snow 
covered  and  colder  than  the  adjacent  oeean. 

These  lows  are  not  a  continuation  of  one  and 
the  same  cyclone.  7'hey  are  regions  of  low 
pressure,  where  lows  frequently  form  or  arrive 
from  other  regions  to  remain  stationary  or  mo\e 
sluggishly  for  a  time,  after  which  thcv  pa.s.s  on  or 
die  out  and  are  replaced  by  others.  Occa.sionally 
these  regions  of  low  pressure  are  invaded  In 
traveling  high-pressure  .systems. 

There  is  a  semipermanent  high-pressure  center 
over  the  Pacific  to  the  westward  of  (\ilifornia. 
Anoiln-r  overlies  the  Atlantic,  near  the  Aawcs 
and  ot*  the  coast  of  Africa.  Pressure  is  also  high, 
but  Ic^s  persistently  so,  westward  of  the  A/on  s 
to  the  vicinity  of  Bermuda.  (Both  arc  best 
developed  in  the  sumiiKr  season.) 

The  largest  Individual  circulation  cells  in  the 
Northern  Hemisphere  are  the  A.siatic  high  in 


winter  and  the  A.sialic  low  in  ,suminer.  In  winter, 
the  A.siatic  continent  is  a  region  of  strong 
cooling  and  therefore  is  dominated  by  a  large 
high- pressure  cell.  In  .summer,  strong  heating  is 
present  and  the  high- pressure  cell  becomes  a 
large  low-pre.s,sure  cell.  This  .sea.sonal  change  in 
pressure  cells  gives  rise  to  the  monsoonal  flow  of 
the  India-S.E.  ASIA  area. 

Another  cell  which  some  consider  to  be  a 
center  of  action  is  the  polar  high.  However, 
recent  explorations  into  both  the  Arctic  and  the 
Anlarcti.  have  revealed  considerable  variations 
in  pres.sure  in  these  regions  and  the  presence  of 
many  traveling  disturbances  in  summer.  The 
Ga^enland  high,  for  example,  due  to  the  Green- 
land icecap,  is  a  persistent  feature  but  it  is  not  a 
well-defined  high  during  all  seasons  of  the  vear. 
It  often  appears  to  be  an  extension  of  the  polar 
high,  or  vice  versa. 

Other  continental  regions  show  seasonal  varia- 
tions from  low  pressure  in  summer,  but  are 
generally  of  .small  size,  and  their  location  is 
variable.  Therefore,  they  are  not  considered  to 
be  centers  of  action. 

The  annual  average  pressure  distribution  chart 
for  the  year.  (fig.  4-5)  reveals  several  important 
characteristics. 

First,  along  the  Equator  there  is  a  belt  of 
rclativcK  low  pressure  encircling  the  globe  with 
barometric  pre.s,sure  of  about  1,012  millibars. 
Second,  on  either  side  of  this  belt  of  low 
pre,s,sure  is  a  belt  of  high  pre,s.sure.  That  in  the 
Northern  Hemisphere  lies  mostly  between  lati- 
tudes 30"^  and  40"*  N  with  three  well-defined 
centers  of  maximum  pre.s,sure--one  over  the 
eastern  Pacific,  the  .second  over  the  Azores,  and 
the  third  over  Siberia,  all  about  1,020  millibars. 
Ihe  belt  of  high  pressure  in  the  Southern 
Ilcmi.sphere  roughly  follows  parallel  30""  S.  It 
also  has  three  ceniers  of  ma.xiinum  pressure  -one 
in  the  eastern  Pacific,  the  .second  in  the  eastern 
Atlantie  and  the  third  in  the  Indian  Ocean, 
again  about  1020  millibars. 

A  third  characteristic  to  be  noted  from  this 
chart  is  that  beyond  the  belt  of  high  pres,surein 
either  hemi,sphere  the  pre.s.sure  diminishes 
toward  the  poles.  In  the  Southern  lijmi.sphere 
the  decrea.se  in  pressure  toward  the  South  Pole  is 
regular  and  very  marked.  The  pres.sure  decrea.ses 
from  an  average  somewhat  above  1,010  millibars 
along  latitude  35""  S  to  an  average  of  992 
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millibars  along  latitude  60""  S.  In  the  Northern 
Hemisphere,  however,  the  decrease  in  pressure 
toward  the  North  Pole  is  less  regular  and  not  so 
great. 

While  the  pressure  belts  which  stand  out  on 
the  average  annual  pressure  distribution  chart 
represent  average  pressure  distribution  for  the 
year,  these  belts  are  rarely  continuous  on  any 
siiven  day.  They  are  usuallv  broken  up  into 
detached'  areas  of  liigh  or  low  pressure  by  the 
secondary^  circulation  of  the  atmosphere.  In 
cither  hemisphere,  moreover,  the  pressure  over 
the  land  during  the  winter  season  is  decidedly 
above  the  annual  average,  during  the  summer 
season  decidedly  below  it.  the  extreme  varia- 
tions occurring  in  the  case  of  continental  Asia 
where  the  mean  monthly  pressure  ranges  from 
about  1,033  millibars  during  January  to  about 
99V  millibars  during  July.  Over  the  northern 
oceans,  on  the  other  hand,  conditions  are 
reversed,  the  summer  pressure  there  being  some- 
what higher.  Thus  in  January  the  Icelandic  and 
Aleutian  lows  intensify  to  a  depth  of  about  999 


millibars,  while  in  July  these  lows  fill  up  and  are 
almost  obliterated. 

The  subtropical  highs  reach  their  greatest 
intensity  during  the  summer  and  the  area  over 
which  the>  extend  is  much  greater  and  the 
pressure  higher  in  summer.  In  winter  these 
subtropical  highs  are  found  at  lower  latitudes 
and  migrate  poleward  with  the  onset  of  the 
sunmicr  season  and  equatorward  with  the  winter 
season. 

[he  polar  high  in  winter  is  not  a  cell  centered 
directly  over  the  North  Pole,  but  it  appears  to  be 
an  extension  of  the  Asiatic  high  and  often 
appears  as  a  wedge  extending  from  the  Asiatic 
Continent.  The  cell  is  displaced  toward  the  area 
of  coldest  temperatures,  the  Asiatic  Continent. 
In  summer,  this  high  appears  as  an  extension  of 
the  Pacific  high  and  is  again  displaced  toward 
the  area  of  coolest  temperature,  which  in  this 
case  is  the  extensive  water  area  of  the  Pacific. 

In  winter  over  North  America,  the  most 
significant    feature    is    the    domination  by 
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high-pressure  cells.  These  cells  are  also  due  to 
cooling  but  are  not  as  intense  as  the  Asiatic  cells. 

In  summer,  the  most  significant  feature  is  the 
so-called  heat  low  over  the  southwestern  part  of 
the  continent  which  is  caused  by  extreme 
heating  in  this  region. 

TRAVELING  DISTURBANCES 

These  disturbances  are  part  of  the  secondary 
circulation,  but  do  not  show  up  on  mean 
pressure  charts.  They  are  migratory  and  include 
such  systems  as  the  lows  which  form  along  the 
polar  front  and  the  migratory  highs  which 
accompany  polar  outbreaks  into  the  middle 
latitudes.  These  traveling  disturbances  play  an 
important  role  in  the  day-to-day  changes  in  the 
weather. 

TERTIARY  CIRCULATIONS 

The  preceding  sections  deal  with  the  general 
circulation  and  the  secondary  circulation  and 
the  main  forces  causing  windflows,  and  the  wind 
patterns  found  in  high-  and  low-pressure  areas. 
However,  the  concepts  of  the  large-scale  move- 
ments of  the  wind  do  not  take  into  considera- 
tion the  effects  of  local  conditions  which  fre- 
quently cause  drastic  modifications  in  wind 
direction  and  speed  close  to  the  earth's  surface. 
Thus,  from  the  point  of  view  of  the  meteor- 
ologist a  knowledge  of  the  factors  which  affect 
local  winds  is  desirable. 

Tertiary  circulations  are  localized  circulations 
directly  attributable  to  one  of  the  following 
causes  or  a  combination  of  them:  local  cooling, 
local  heating,  adjacent  heating  or  cooling,  and 
induction  (dynamics). 

MONSOON  WINDS 

A  discussion  on  monsoon  winds  was  pre- 
sented in  chapter  5,  AG  3  &  2,  as  well  as  in 
chapter  2  of  this  training  manual.  Therefore  the 
following  paragraph  is  confined  to  a  brief  mention 
of  the  general  type  of  weather  which  may  be 
expected  where  monsoon  conditions  are  in 
existence. 

The  northeast  (winter)  monsoon  blows  in  the 
South  China  Sea  from  October  to  April.  It  is 
marked  by  dry  or  fair  weather  with  the  excep- 
tion that  the  Gulf  of  Tonkin  and  the  coast  of 


North  Vietnam  experience  precipitation  and  low 
visibilities  due  to  fog  as  a  result  of  periodic 
interruptions  of  the  monsoon  flow  as  the  out- 
breaks of  polar  air  are  modified  by  their 
trajectories  over  water  areas  to  the  northeast.  It 
has  a  steadiness  similar  to  that  of  the  trade 
winds  and  often  attains  the  force  of  a  near  gale. 
The  southwest  or  summer  monsoon  occurs  from 
May  to  September.  It  breaks  with  severity  on 
some  coasts,  accompanied  by  heavy  squalls  and 
thunderstorms.  As  the  season  advances  and  the 
southwest  monsoon  becomes  established,  squalls 
and  rain  become  less  frequent.  In  some  places  it 
blows  as  a  light  breeze,  unsteady  in  direction, 
while  in  other  places  it  prevails  with  fresh  speeds 
througliout  the  season,  being  infrequently  inter- 
rupted by  calms  or  by  winds  from  other 
directions. 

LAND  AND  SEA  BREEZES 

Corresponding  with  the  seasonal  contrast  of 
temperature  and  pressure  over  land  and  water 
(such  as  the  monsoon  effect)  there  is  a  diurnal 
contrast  exercising  a  similar,  though  more  local, 
effect.  An  example  of  this  type  of  influence  on 
the  existing  wind  fiow  is  the  'Mand  breez-,"  or 
its  reverse  condition  commonly  referred  to  as 
the  "sea  breeze."  TI;ese  two  diurnal  breezes 
were  presented  previously  in  chapter  5  of  \G  3 
&  2,  therefore,  only  brief  mention  of  them  is 
made  at  this  time. 

The  sea  breeze  usually  begins  in  the  morning 
hours,  from  9  to  1 1  o'clock  local  time,  and  is 
usually  only  a  few  hundred  feet  thick.  By 
midaftcrnoon,  when  it  has  reached  its  maximum 
speed,  it  can  extend  upward  to  3,000  feet  in 
moderately  warm  climate  and  4,500  feet  in 
tropical  regions  and  to  as  much  as  30  miles  both 
on  shore  and  offshore.  Also,  by  midaftcrnoon  it 
may  be  strong  enough  to  be  infiuenced  by  the 
Coriolis  force,  causing  it  to  fiow  at  an  angle  to 
the  shore. 

The  land  breezes,  when  compared  to  the  sea 
breeze,  are  less  extensive  and  not  as  strong.  Land 
breezes  are  at  maximum  developement  late  at 
night,  in  late  fall,  and  early  winter. 

In  the  Tropics,  the  land  and  sea  breezes  are 
repeated  day  after  day  with  great  regularity.  In 
high  latitudes  the  land  and  sea  breezes  are  often 
masked  by  winds  of  svnoptic  features. 
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The  occurrence  or  nonoccurrence  of  the  sea 
breeze  and  the  return  land  breeze  tlovv  is  of 
critical  importance  in  the  evaluation  of  the 
effects  of  the  release  of  airborne  pollutants  on 
individual  harbors.  The  lapse  rate  within  the  sea 
breeze  layer  is  approximately  adiabatic  in  the 
temperate  latitudes.  The  moderate  to  strong 
wind  speeds  combined  with  this  lapse  rate  would 
result  in  excellent  dispersal  of  material  through- 
out the  sea  breeze  layer.  However,  the  top  of  the 
sea  breeze  layer  is  likely  to  be  marked  by  an 
inversion  or  at  least  a  decrease  in  lapse  rate  and 
wind  velocity  so  that  a  fairly  effective  upper 
barrier  to  the  diffusion  of  material  would  exist. 
In  addition,  the  sea  breeze  decreases  steadily  in 
depth  with  its  continued  penetration  inland,  so 
that  the  top  of  the  leading  edge  may  be  only  a 
few  tens  of  feet  above  the  ground  and  thus 
confine  material  very  effectivei>  vO  a  shallow 

layer.  . 

The  land  breeze  is  quite  stable,  the  wnid 
speeds  are  light,  and  ditTuslon  is  at  a  minimum. 
On  accasion  the  land  breeze  is  insufficient  to 
carry  the  material  more  than  a  mile  or  so 
offshore  and,  with  the  reestablishnient  of  the  sea 
breeze,  this  material  may  be  recirculated  onto 
the  land. 

WINDS  DUE  TO  LOCAL  COOLING 
Drainage  Winds 

Drainage  winds,  also  called  mountain  or  grav- 
ity winds,  are  caused  by  cooling  of  air  along  the 
slopes  of  a  mountain.  Consequently,  the  air 
becomes  heavy  and  Hows  downhill  producing 
the  MOUNTAIN  BREEZE. 

These  mountain  breezes,  which  were  pre- 
viously discussed  in  chapter  5  of  AG  3  &  2,  may 
reach  several  hundred  te-t  in  depth  and  in 
extreme  cases  may  attain  speeds  of  50  knots  or 
■  more.  The  downhill  motion  of  these  and  mher 
breezes  with  simihir  motion  is  termed  **kata- 
batic."  They  may  be  due  to  local  terrain 
configuration  or  large  scale  causes  such  as  air 
mass  characteristics.  Although  drainage  winds 
and  the  glacier  winds  discussed  in  tho  following 
paragraphs  are  cold  katabatic  v/inds,  in  some 
instances  katabatic  winds  may  be  warm.  The 
foehn  winds  described  later  in  this  section  are  an 
example  of  warm  katabatic  winds.  The  term 
used  to  describe  the  opposite  or  upslope  motion 
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of  wind  is  "anabatic."  These  winds  are  also 
presented  later  in  this  section. 

Glacier  Winds 

These  winds  are  caused  by  air  coming  in 
contact  with  ice  or  some  other  cold  surface,  as 
explained  in  chapter  5  of  AG  3  &  2.  This  will 
cause  faster  cooling  than  is  normal  and  the  air 
will  be  set  in  motion  by  a  strong  pressure 
gradient  or  density  difference.  Also,  if  this  wind 
is  funneled  through  a  pass  or  valley,  it  may  be 
very  strong.  This  type  wind  may  form  during  the 
day  or  night,  while  the  mountain  breezes  occur 
only  at  night  due  to  radiational  cooling.  The 
glacier  wind  is  most  common  during  the  winter 
when  more  snow  and  ice  are  present. 

Glacier  winds,  as  mentioned  previously,  are 
cold  katabatic  winds  descending  from  glacier 
regions  and  are  localized  in  nature. 

Figure  4-6  shows  how  ligiit  winds  can  often 
become  much  stronger  when  they  are  forced  to 
converge  and  funnel  through  a  narrow  mountam 
pass.  The  Santa  Ana  wind  of  southern  California 
(described  later  in  this  chapter)  is  due  in  part  to 
this  type  of  phenomenon. 


AG.A16 

Figure  4.6.-Strong  wind  produced  by  funneling. 

WINDS  DUE  TO  LOCAL  HEATING 

There  are  three  types  of  tertiary  circulation 
caused  by  local  heating:  valley  breezes,  dry 
thermals,  and  wet  thermals. 
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Valley  Breeze 

Valley  breezes  or  anabatic  winds  are  produced 
when  the  daytime  air  near  a  mountain  is  heated 
by  contact  while  air  at  some  distance  from  the 
mountain  surface  is  not  affected.  This  produces 
light  air  near  "the  slope  which  tends  to  move 
upward  to  high  levels  and  thereby  produces  the 
valley  wind.  They  are  generally  restricted  to 
slopes  facing  the  south  or  the  more,  direct  rays 
of  the  sun  and  are  more  pronounced  in  southern 
latitudes.  They  are  diurnally  strongest  during 
late  afternoon  and  are  seasonally  strongest  in 
summer.  They  are  deeper  and  stronger  than 
mountain  or  katabatic  winds. 

It  is  conceivable  that  this  type  of  circulation 
could  be  found  in  an  area  where  there  would  be 
very  little  net  outflow  of  air  from  the  valley 
system,  If  this  were  the  case,  a  pollutant 
contained  within  the  valley  air  mass  would  be 
mixed  by  this  circulation  until  most  of  it  was 
diffused  throughout  the  depth  of  circulation.  As 
a  result,  a  much  heavier  ground  concentration  of 
pollutants  might  exist  in  this  region  than  would 
be  expected  with  a  more  rapid  change  of  air 
mass  within  the  valley  system. 


are  topped  with  a  cumulus  type  cloud  with  the 
base  at  the  condensation  level.  The  tops  are  low 
under  stable  conditions,  but  may  develop  into 
cumulonimbus  under  unstable  conditions. 

INDUCED  OR  DYNAMIC 
TERTIARY  CIRCULATIONS 

Induced  or  dynamic  tertiary  circulations  are 
of  three  types:  eddies,  foehn  winds,  and  jet 
winds. 

Eddy  Winds 

Eddies  derive  their  energy  from  the  windflow 
over  topographical  barriers  or  obstructions. 
They  are  on  a  much  larger  scale  when  the 
obstacle  is  a  mountain  barrier.  The  eddies  are 
generally  found  on  the  lee  side  of  mountains, 
but  with  low  wind  speeds,  stationary  eddies  or 
rotating  pockets  of  air  are  produced  and  remain 
on  both  the  windward  and  leeward  sides  of 
obstructions,  such  as  buildings  over  which  the 
air  may  be  passing.  (See  fig.  4-7.) 


Dry  Thermals 

Dry  thermals  are  small  local  vertical  circula- 
tions caused  by  the  uneven  heating  of  the  air 
due  to  the  fact  that  some  kinds  of  surfaces  are 
more  effective  than  others  in  heating  the  air 
directly  above  them.  Plowed  ground,  sand,  rocks 
and  barren  land  give  off  a  great  deal  of  heat, 
whereas  water  and  vegetation  do  not.  When  the 
dry  thermal  tops  do  not  reach  the  condensation 
level,  they  are  commonly  referred  to  as  dust 
devils.  They  are  best  developed  on  clear  days 
with  light  winds  and  high  temperatures.  Dust 
devils  are  most  frequently  seen  over  desert  areas 
and  can  reach  as  much  as  5,000  feet  under 
extremely  dry  air  conditions.  When  occurring 
over  water  areas,  dust  devils  are  called  water- 
spouts. 


Wet  Thermals 


^ —  >   ^ 
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Figure  4-7. -Eddy  currents  formed  when  wind  flows 
over  uneven  ground  or  obstructions. 


Cumulus  type  clouds  occur  wlien  rising  wet  When  the  wind  speeds  exceed  about  20  miles 
thermals  reach  their  condensation  level.  They       per  hour,  the  flow  may  be  broken  up  in  irregular 
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eddies  which  arc  carried  along  with  a  wind  some 
distance  downsteam  from  the  obstruction.  These 
eddies  may  cause  extreme  and  irregular  varia- 
tions in  the  wind  anJ  may  disturb  the  landing 
area  sufficiently  to  be  a  hazard.  It  is  important 
to  be  alert  for  these  turbulent  eddies  when  a 
landing  field  is  located  near  large  hangars  or 
other  buildings. 

A  simUar  and  much  disturbed  wind  condition 
occurs  when  the  wind  blows  over  large  obstruc- 
tions such  as  mountain  ridges.  In  such  cases  the 
wind  blowing  up  the  slope  on  the  windward  side 
is  usually  relatively  smooth.  However,  on  the 
leeward  side  the  wind  spills  rapidly  down  the 
slope,  setting  up  strong  downdrafts  and  causing 
the  air  to  be  very  turbulent.  This  condition  is 
illustrated  in  figure  4-8. 


AG.418 

Figure  4-S.-Effect  of  windflow  over  mountains. 

The  situation  can  be  compared  to  water 
flowing  down  a  rough  streambed.  These  down- 
drafts  can  be  very  violent,  and  they  have  been 
the  cause  of  a  number  of  aircraft  accidents, 
causing  the  aircraft  to  crash  into  the  sides  of 
mountains.  This  effect  is  also  noticeable  in  the 
case  of  hills  and  bluffs,  but  is  not  as  pro- 
nounced. 

Eddy  winds  may  also  resu'  'n  a  change  of 
location  of  pollutant  material  v  lin  an  air  mass, 
or  they  may  result  in  the  m^  '  of  clean  air 
with  the  polluting  material.  The  iter  decreases 
the  concentration  of  material  per  unit  volume 
and  is  of  primary  concern.  A  puff  of  material,  if 
actually  injected  into  a  volume  of  air,  will  seem 


to  grow  larger.  This  is  due  almost  entirely  to 
eddy  motions.  Molecular  motion  also  produces 
diffusion,  but  compared  to  eddy  diffusion, 
molecular  diffusion  is  relatively  insignificant. 

Foehn  Winds 

When  air  flows  downhill  from  a  high  eleva- 
tion, its  temperature  is  raised  by  adiabatic 
compression.  Foehn  winds  are  katabatic  winds 
caused  by  adiabatic  heating  of  air  as  it  descends 
on  the  lee  side?  of  mountains.  The  rise  in 
temperature  result  >  in  a  lowering  of  the  relative 
humidity.  They  arrive  the  bottom  of  the  ree 
side  of  the  mountain  causing  temperature  rises 
as  much  as  50^F. 

Foehn  winds  occur  quite  frequently  in  the 
western  Mountain  States.  In  Montana  and 
Wyoming  the  chinook  is  a  well  known  phenom- 
enon, and  in  Southern  California  the  Santa  Ana 
is  known  particularly  for  its  high-speed  winds. 

Generally  speaking,  when  the  Santa  Ana 
blows  through  the  Santa  Ana  Canyon,  a  similar 
wind  simultaneously  affects  the  entire  southern 
California  area.  Thus,  when  meteorolo^cal  con- 
ditions are  favc::able  this  dry  northeast  wind  will 
blow  through  the  many  passes  and  canyons,  over 
all  the  mountainous  area,  including  the  highest 
peaks,  and  quite  often  at  exposed  places  along 
the  entire  coast  from  Santa  Maria  to  San  Diego. 
Therefore,  the  term  Santa  Ana  refers  to  the 
general  condition  of  a  dry  northeast  wind  over 
southern  California. 

Although  these  wir 's  may  on  occasion  reach 
destructive  velocities,  one  beneficial  aspect  to 
consider  is  that  when  they  coincide  with  the 
release  of  airborne  pollutants  over  an  area,  the 
material  would  be  quickly  dispersed  and  carried 
away  from  the  area  affected. 

A  complete  study  and  discussion  of  the  Santa 
Ana  may  be  found  in  CUmatology  and  Low- 
Level  Air  Pollution  Potential  From  Ships  in  San 
Diego  Harbor,  NWRF  39-0462-056. 

Jet  Winds 

Jet  winds,  also  known  as  mountain  gap  or 
canyon  winds,  are  extensive  squall  type  winds, 
whose  speed  is  increased  through  a  channeling 
effect.  See  figure  4-6  for  the  effect  of  mountain 
gaps. 
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LARGE-SCALE  VERTICAL 
WAVES  (MOUNTAIN  WAVES) 

This  type  of  plienonienon  occurs  on  the  lee 
side  of  topographical  barriers  and  occurs  when 
the  windflow  is  strong,  usually  25  knots  or 
more,  and  tlic  flow  is  roughly  perpendicular  to 
the  mountain  range.  The  structure  of  the  barrier 
and  the  strength  of  the  wind  determines  the 
amplitude  and  the  type  of  the  wave.  The 
characteristics  of  a  typical  mountain  wave  are 
shown  in  figure  4-9. 

Figure  4-9  shows  the  cloud  formations  nor- 
mally found  with  wave  development  and  illus- 
trates schematically  the  airflow  in  a  similar 
situation.  From  the  illustration  in  figure  4-9  it 
can  be  seen  that  the  air  flows  fairly  smoothly 
with  a  lifting  component  as  it  moves  along  the 
windward  side  of  the  mountain.  The  wind  speed 
gradually  increases  reaching  a  maximum  near  the 
summit.  On  passing  the  crest  the  flow  breaks 


down  into  a  much  more  complicated  pattern 
with  downdrafts  predominating.  An  indication 
of  the  possible  intensities  can  be  gained  from 
verified  records  of  sustained  downdrafts  (and 
also  updrnfts)  of  at  least  3,000  feet  per  minute 
with  other  reports  showing  drafts  well  in  excess 
of  this  figure.  Turbulence  in  varying  degrees  can 
be  expected  as  indicated  in  figure  4-9  and  is 
most  likely  to  be  particularly  severe  in  the  lower 
levels.  Proceeding  downwind,  some  5  to  10  miles 
from  the  summit,  the  airflow  begins  to  ascend  as 
part  of  a  definite  wave  pattern.  Additional 
waves,  generally  less  intense  than  the  primary 
wave,  may  form  downwind  (in  some  cases  six  or 
more  have  been  reported).  These  are  not  unlike 
the  series  of  ripples  that  form  downstream  from 
a  submerged  rock  in  a  swiftly  flowing  river.  The 
distance  between  successive  waves  usually  ranges 
from  2  to  10  miles,  depending  largely  on  the 
existing  wind  speed  and  the  atmospheric  stabil- 
ity, but  wave  lengths  up  to  20  miles  have  been 
reported. 


STRONG  WINDS 
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Figure  4-9.-Schematlc  diagram  showing  airflow  and  clouds  in  a  mountain  wave. 
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From  the  meteorologist's  standpoint  it  is 
important  to  know  how  to  identify  a  wave 
situation,  and  having  identified  it  to  advise  the 
pilot  how  to  plan  his  flight  so  as  to  avoid  the 
wave  hazards.  Characteristic  cloud  forms  pecu- 
liar to  wave  action  provide  the  best  means  of 
visual  identification.  The  lenticular  (lens  shaped) 
clouds  in  the  upper  right  of  figure  4-9  are 
smooth  m  contour.  These  clouds  may  occur 
singly  or  in  layers  at  heights  usually  above 
20,000  feet,  and  may  be  quite  ragged  when  the 
airflow  at  that  level  is  turbulent.  The  roll  cloud 
forms- at  a  lower  level,  generally  near  the  height 
of  the  mountain  ridge,  and  can  be  seen  extending 
across  the  center  of  figure  4-9.  The  c?o  cloud 
shown  partially  covering  the  mountain  slope  to 
the  left  of  figure  4-9  must  always  be  avoided  in 
flight  because  of  the  turbulence,  concealed 
moutain  peaks,  and  on  the  lee  side  strong 
downdrafts.  The  lent:  .lars,  like  the  roll  clouds 
and  cap  clouds,  are  stationary,  constantly  form- 
ing on  the  windward  side  and  dissipating  on  the 
lee  side  of  the  wave.  The  cloud  forms  themselves 
are  a  good  guide  to  the  degree  of  turbulence 
with  generally  smooth  airflow  in  and  near 
smooth  clouds,  and  turbulent  conditions  if  these 
clouds  appear  ragged  or  irregular. 

While  clouds  aie  generally  present  to  forewarn 
the  presence  of  wave  activity,  it  is  possible  for 
wave  action  to  take  place  when  the  air  is  too 
dry  to  form  clouds.  This  makes  the  problem  of 
identifying  and  forecasting  more  difficult. 


VERTICAL  EXTENSION  OF 
HIGH-  AND  LOW-PRESSURE  CELLS 

In  order  to  better  understand  the  nature  of 
the  pressure  centers  of  the  secondary  circulation 
which  was  covered  previously  in  this  chapter,  it 
is  necessary  to  consider  them  from  a  three- 
dimensional  standpoint,  not  only  length  and 
width,  but  vertically  as  well.  With  the  aid  of 
upper  air  charts,  you  will  be  able  to  see  the  three 
dimensions  of  these  pressure  systems,  as  well  as 
the  circulation  patterns  of  the  secondary  circula- 
tion as  established  at  higher  levels  in  the 
troposphere  and  lower  stratosphere.  With  the 
knowledge  gained  througli  this  study  you  will  be 
better  able  to  understand  the  mechanics  of  the 


Jetstream  and  some  of  the  forecasting  rules 
which  are  covered  in  later  chapters. 

MEAN  TEMPERATURE  AND 
VERTICAL  SPACING  OF  ISOBARS 

In  chapter  3  of  this  training  manual.  Atmo- 
spheric Physics,  and  application  of  the  gas  laws 
shows  that  volume  is  directly  proportional  to 
temperature.  Stated  another  way,  we  might  say 
that  the  thickness  of  a  layer  between  two 
isobaric  surfaces  is  directly  proportional  to  the 
mean  virtual  temperature  of  the  layer.  Thus, 
thickness  lines  are  also  isotherms  of  mean  virtual 
temperature.  The  higher  the  mean  virtual  tem- 
perature, the  thicker  the  layer,  or  vice  versa.  The 
thickness  between  layers  is  currently  being 
expressed  in  geopotenl:al  meters.  The  shift  in 
location,  as  well  as  the  change  of  shape  and 
intensity  upward  of  atmospheric  pressure  sys- 
tems, is  dependent  on  the  temperature  dis- 
tribution. 

An  example  of  the  foregoing  is  shown  by  the 
fact  that  if  two  columns  of  air  are  placed  side  by 
side,  one  cold  and  one  warm,  the  constant 
pressure  surfaces  in  the  cold  column  will  be 
closer  together  than  those  in  the  warm  column 
of  air.  Figure  4-10  illustrates  an  Increase  in 
thickness  between  two  given  pressure  surfaces 
for  an  increase  in  mean  virtual  temperature. 
Also,  note  the  increase  in  the  distance  between 
the  constant  pressure  surfaces;  P,  PI,  etc.,  from 
AtoB. 

The  thickness  between  two  pressure  surfaces 
can  be  derived  by  integrating  the  hydrostatic 
equation,  or  by  means  of  the  hypsometric 
equation.  (See  ch.  3.)  Thickness  may  also  be 
constructed  from  known  variables  by  the  use  of 
tables,  graphs,  etc. 

Within  the  troposphere,  the  horizontal  tem- 
perature gradient  is  directed  poleward  from  the 
lower  few  thousand  feet  of  the  troposphere  up 
to  the  level  of  the  tropopause.  The  maximum 
gradient  is  in  middle  latitudes  and  reflects  a 
seasonal  shift  southward  in  winter  and  north- 
ward in  summer.  This  maximum  gradient  also 
has  its  highest  numerical  value  in  winter.  The 
minimum  temperature  occurs  at  the  tropopause. 
The  subarctic  tropopause  is  much  lower  in 
winter  than  in  summer  and  is  always  lower  than 
the  subtropical  tropopause. 
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AH  tS  THE  INCREASE  IN  THICKNESS  d^^ZH 
TWO  GIVEN  PRESSURE  SURFACES  FOR  AN 
INCREASE  IN  MEAN  VIRTUAL  TEMPERATURE 
FROM  TA  TO  TB.  TIB  IS  A  HIGHER  MEAN 
VIRTUAL  TEMPERATURE  THANTA. 

AG.420 

Figure  4-10.-Thickness  of  two  strata  as  a  function 
of  mean  virtual  temperature. 

Within  the  lower  stratosplitre  during  summer, 
the  temperature  gradient  is  directed  from  the 
po>os  to  the  Equator.  During  winter,  the  tem- 
perature gradient  is  directed  from  approximately 
SS""  lat  to  the  Equator,  and  from  SS""  lat  to  the 
poles.  This  gives  rise  to  a  wind  condition  called 
the  pohir  vortex.  Within  the  upper  stratosphere 
during  summer,  the  temperature  gradient  is  still 
directed  from  the  poles  to  the  Equator,  thougli 
much  weaker  than  in  the  lower  stratosphere. 
During  winter,  the  gradient  is  directed  from  the 
Equator  to  the  poles  in  the  upper  stratosphere. 

In  the  mesophere  in  summer,  the  temperature 
gradient  is  directed  away  from  the  Equator  to 
the  poles,  while  in  winter  it  is  from  the  poles  to 
the  Equator.  In  the  therniosphere,  the  distribu- 
tion is  unconfirmed,  though  it  is  believed  that 
during  summer  the  gradient  is  from  the  poles  to 
the  Equator  and  vice  versa  in  winter. 
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VERTICAL  STRUCTURE  OF 
HIGH-PRESSURE  CELLS 

The  topographic  features  which  indicate  the 
circulation  patterns  at  500  milibars  in  the 
amiosphcre  correspond  in  general  to  those  at 
lower  and  higher  levels.  However,  they  may 
experience  a  shift  in  location  as  well  as  a  change 
in  intensity  and  shape.  For  e>:ample,  a  closed 
high  on  a  surface  synoptic  chart  may  be  re- 
flected by  a  ridge  aloft.  In  addition,  upper  air 
circulation  patterns  may  take  on  a  wavelike 
structure  in  contrast  to  the  alternate  dosed 
lows,  or  closed  high  patterns  at  the  surface  level. 
The  smoothing  of  the  circulation  pattern  aloft  is 
typical  of  atmospheric  flow  patterns.  The  verti- 
cal isobaric  spacing  of  the  following  types  of 
highs  is  illustrated  in  chapter  21,  AG  3  & 
NavTra  10363-D. 

Cold  Core  Highs 

The  cold  core  high  is  so  characterized  due  to 
its  low  tropospheric  coldness  and  exists  princi- 
pally because  of  the  weight  of  the  cold  air  near 
the  surface.  The  cold  high  disappears  rapidly 
with  height.  If  it  becomes  subjected  to  warming 
from  below  and  subsidence  aloft,  as  it  moves 
southward  from  its  source  and  spreads  out,  it 
diminishes  rapidly  in  intensity  with  time  (unless 
some  dynamic  effect  sets  in  aloft  over  the  high 
to  compensate  for  the  warming).  Since  these 
highs  decrease  in  intensity  with  height,  thick- 
nesses are  relatively  low.  If  the  thickness  pattern 
is  sufficiently  strong,  the  wind  circulation 
around  the  center  can  reverse  its  direction  at 
high  levels. 

Usually  the  temperature  field  around  a  cold- 
core  anticyclone  is  asymmetrical.  The  center  of 
low  thickness  will  be  found  displaced  from  the 
1,000-mb  high  toward  the  region  of  lowest 
temperatures.  Thicknesses  are  relatively  greater 
where  middle  cloud  and  cirrus  are  present  o. 
precipitation  is  falling  from  layer  clouds  (except 
stratocumulus). 

Figure  4-1 1  (A)  shows  an  extremely  cold  and 
intense  sea  level  anticyclone  and  corresponding 
thickness  pattern  for  the  1,000  to  500-mb  layer, 
the  latter  for  a  very  deep  cold  pool  (low 
thickness)  centered  directly  over  the  1,000-mb 
high. 
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Figure  4-11.— Two  examples  of  cold  core  anticyclones  in  relation  to  1,000-  and  500*mb 
contours  and  1,000-  to  500-mb  thickness. 


Figure  4-1 1  (B)  shows  the  associated  500-mb 
pattern,  containing  a  closed  500-mb  low  directly 
over  the  1,000-mb  high.  This  model  charac- 
teri7,es  extreme  cases  over  continental  areas  of 
middle  and  high  latitudes.  It  is  based  on  actual 
observations  of  the  Siberian  winter  anticyclone. 

Less  intense  Siberian  winter  anticyclones  and 
most  North  American  winter  anticyclones  of  the 
sub-Arctic  regions  are  characterized  by  the 
models  illustrated  in  figures  4-1 1  (C)  and  (D). 
Figure  4-1  1  (C)  contains  1,000-mb  contours  and 
1,000-  to  500-mb  thickness  lines.  A  cold  trough 
(low  thickness)  lies  over  the  sea  level  anti- 
cyclone, with  the  lowest  thickness  values  to  be 
found  in  polar  areas  well  to  the  north.  Figure 
4-1 1  (D)  shows  the  corresponding  500-mb  con- 
tour lines,  which  form  a  weak  trough  whose  axis 


lies  over  the  center  of  the  sea  level  anticyclone. 

An  illustration  of  a  cold  core  high  (and  warm 
core  low)  is  shown  in  figure  4-12. 

Warm  Core  Highs 

The  warm  high  is  so  characterized  because 
throughout  the  troposphere  the  warmest  air  is  at 
the  center  of  the  high.  This  high  has  an 
anticyclonic  circulation  at  all  levels;  hence  the 
term  "high  level  anticyclone."  In  the  strato- 
sphere this  type  of  high  has  a  cold  core 
associated  with  the  center  of  the  anticyclonic 
circulation. 

In  the  warm  core  high  the  thickness  values 
over  the  center  are  higher  than  along  the 
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periphery  :uk1  the  thickness  center  is  displaced 
toward  the  warmest  air  in  cases  of  an  asym- 
metric teni'jerature  distribution.  These  highs  are 
characteristically  found  in  the  fonn  of  large 
warm,  oceanic  highs.  The  subtropical  highs  are 
good  examples  of  this  type  of  high.  In  middle 
and  high  latitudes  it  is  found  in  the  form  of 
warm  blocking  highs. 

As  with  other  models,  weather  manifestations 
in  a  warm  high  provide  clues  to  the  thickness 
distribution.  Convective  activity  usually  is  asso- 
ciated with  somewhat  lower  thickness  values: 
thus  the  thickness  center  (high)  is  displaced  to 
the  side  of  the  KOOO-nib  anticyclone  away  from 
the  areas  of  convection, 

VERTICAL  STRUCTURE  OF 
LOW-PRESSURE  CELLS 

Wami  Core  Lows 

A  \  irni  core  low  is  similar  to  a  cold  core 
anricyclone  in  that  it  decreases  in  intensity  with 
height.  This  type  low  is  characterized  by  virtue 
of  its  low  tropospheric  warmth.  In  low  tropo- 
spheric  thickness' charts,  a  warm  core  or  tongue 
of  maximum  thickness  is  found.  It  is  apparent 
that  if  the  thickness  pattern  is  pronounced 
enougli,  the  sum  of  the  1,000-mb  height  at  the 
low  center  and  the  thickness  over  the  low  can 
produce  an  anticyclone  at  the  upper  surface  of 
the  layer.  They  rarely  affect  the  stratospheric 
circulation.  The  warm  low  is  frequently  station- 
ary, such  as  the  heat  low  over  the  southwestern 
United  States  in  the  summer,  and  is  a  result  of 
strong  heating  in  a  region  usually  insulated  from 
intrusions  of  cold  air  which  would  tend  to  fill  it 
or  cause  it  to  move.  The  warm  low  is  also  found 
in  its  moving  fonn  as  a  stable  wave  moving  along 
a  frontal  surface.  It  moves  by  virtue  of  the  low 
level  ndvectioi?  in  advance  of  it  and  the  cold 
advection  to  its  lear  This  type  of  wave  cyclone 
lacks  any  dynamic  mechanism  aloft  to  cause  it 
to  deepen  and  occlude.  It  usually  fills  as  it 
moves  eastward,  and  tlic  frontal  wave  flattens 
out.  There  is  no  warm  low  aloft  in  the  tropo- 
sphere. The  tropical  cyclone  is  believed  to  be  a 
warm  low;  its  intensity  diminishes  with  height. 

Figure  4-12  shows  an  idealized  warm  core 
cyclone  with  symmetrica!  temperature  distribu- 
tion. 
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Figure  4-12.— Idealized  warm  core  cyclone  with 
symmetrical  temperature  distribution. 


This  figure  shows  how  the  thickness  values 
indicate  the  presence  of  an  anticyclone  aloft 
over  the  low.  The  upper  diagram  represents 
idealized  contours  of  the  1,000-mb  surface. 
Curve  BB  shows  the  profile  of  the  1,000-mb 
surface  along  lien  AA,  curve  CC  shows  the 
1,000-  to  300-mb  thickness  profile  along  the 
same  line,  and  curve  DD  is  the  sum  of  EB  and 
CC,  or  the  profile  of  the  upper  pressure  surface 
alc.g  AA.  In  this  idealized  example  the  thick- 
ness (temperature)  and  coutour  fields  are 
mutually  symmetrical. 

In  general,  however,  the  temperature  field  is 
quite  asymmetrical  around  a  warm  core  cyclone. 
Usually  the  southward  moving  air  in  the  rear  of 
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the  depression  will  not  be  as  wami  as  that 
moving  northward  in  advance  of  it.  Here  the 
maximum  thickness  values  will  be  found  on  the 
wannest  side  of  the  cyclone,  whose  axis  will 
slope  upward  awr.y  from  the  thickest  region  of 
the  layer.  An  examination  of  the  thickness  field 
associated  with  this  warm  core  low  shows  the 
largest  thicknesses  are  found  in  the  warm  sector 
just  to  the  east  of  the  wave  crest.  The  thickness 
circulation  pattern  with  the  warm  core  low  is 
opposite  the  circulation  pattern  at  the  surface, 
and  the  low  decreases  in  intensity  with  increas- 
ing height.  The  winds,  as  might  be  expected,  in 
this  region  shift  from  northeasterly  at  the 
surface  to  southwesterly  aloft.  The  surface  low 
is  replaced  by  a  ridge  aloft. 

Weather  and  cloudiness  found  in  warm  core 
cyclones  can  vield  clues  to  the  thickness.  Where 
evidence  of  convective  activity,  such  as  showers, 
is  greatest,  the  thickness  values  are  relatively  low 
although  tluy  ,-re  in  a  region  of  generally  high 
values.  Where  the  weather  ib  fine  and  clear, 
except  for  perhaps  a  few  cirrus,  the  thickness 
values  will  be  relatively  high. 

Cold  Core  Lows 

The  cold  core  low  in  its  purest  form  contains 
the  coldest  air  at  its  center  throughout  the 
troposphere:  that  is,  going  radially  outward  in 
any  direction,  at  any  level  in  the  troposphere 
warmer  air  is  encountered.  The  cold  core  lows 
increase  in  intensity  with  height.  Relative  mini- 
mums  in  thickr**Si.  values,  called  cold  pools  are 
found  in  such  cyclones.  Wlien  the  temperature 
distribution  is  asymmetric,  the  thickness  center 
will  lie  in  the  direction  of  the  lowest  tempera- 
tures. When  the  temperature  distribution  is 
symmetric,  the  axis  of  the  low  is  nearly  vertical. 
Tropospheric  thickness  charts  show  closed  mini- 
mum thickness  lines  symmetrical  with  the  pres- 
sure center.  In  other  words,  in  the  cold  low,  the 
lowest  temperatures  coincide  with  the  lowest 
pressures. 

In  the  lower  stratosphere,  there  is  a  warm* 
core  vertically  over  the  low  center.  Here  the 
highest  temperatures  are  associated  with  the 
lowest  pressures. 

The  cold  low  has  a  more  intense  circulation 
aloft  from  850  to  400  millibars  than  at  the 
surface.  Some  cold  lows  show  but  \ery  slight 


evidence  in  the  surface  pressure  field  that  an 
intense  circulation  exists  aloft.  The  cyclonic 
circulation  aloft  is  usually  reflected  on  the 
surface  in  an  abnormally  low  daily  mean  temper- 
ature and  in  precipitation  and  unstable 
hydrometeors. 

At  high  latitudes  the  cold  pools  and  their 
associated  upper  air  lows  show  some  tendency 
for  location  in  the  northern  Pacific  and  Atlantic 
Oceans  where,  statistically,  they  contribute  to 
the  formation  of  the  Aleutian  and  Greenland, 
lows.  At  lower  latitudes  the  assoicated  upper  air 
cyclones  are  frequently  called  CUTOFF  LOWS, 
which  usually  occur  when  blocking  highs  exist 
far  to  the  north. 

Figure  4-13  illustrates  the  displacement  of  a 
cold  core  low  southwestward  aloft  where  the 
lowest  thickness  values  are  displaced  toward  the 
region  of  lowest  temperatures.  Also  note  the 
position  of  the  500-mb  low. 

The  thickness  circulation  pattern  over  this 
low  has  the  same  direction  as  the  surface 
circulation  pattern.  This  indicates  an  increase  in 
winds  aloft.  A.t  500  millibars  the  winds  are  seen 
to  be  considerably  stronger  than  at  the  surface 
and  the  wind  direction  does  not  shift  appreci- 
ably with  heiglit.  . 

DYNAMIC  LOW 

The  dynamic  low  is  a  combinaion  of  the 
warm  surface  low  and  a  cold  upper  low  or 
trough,  or  a  warm  surface  low  in  combination 
with  a  dynamic  mechanism  aloft  for  producing  a 
cold  upper  low  or  trough.  It  has  an  axis  which 
slopes  toward  the  coldest  tropospheric  air.  In 
the  final  stage,  after  occlusion  of  the  surface 
warm  low  is  complete,  the  dynamic  low  be- 
comes a  cold  low  with  the  axis  of  th')  low 
becoming  practically  vertical. 


DYNAMIC  HIGH 

The  dynamic  high  in  a  combination  of  a 
surface  cold  high  and  upper-level  warm  high 
or  well-developed  ridge,  or  a  comb"  ation  of  a 
surface  cold  high  with  a  dynamic  mechanism 
aloft  for  producing  high-level  anticyclogencsis. 
Dynamic  higlis  have  axes  which  slope  toward  the 
warmest  tropospheric  air.  In  the  final  stages  of 
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Figure  4-13.->inustration  of  o  cold  core  low  showing  1,000-mb  contours  (solid  lines),  500-mb  contours 

(dash«d  lines),  and  thickness  pattern  (dotted  lines). 
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wanning  of  the  cold  surface  high,  the  dynamic 
high  becomes  a  warm  high  with  its  axis  practi- 
cally  vertical. 

SUMMARY 

A  v/arm  core  high  is  accompanied  b>  a  high 
cold  tropopause.  Since  the  pressure  surfaces  are 
spaced  far  apart,  the  tropopause  is  not  reached 
until  great  heights.  The  tempoi-ature  continues 
to  decrease  with  elevation  and  is  very  cold  by 
the  time  the  tropopause  is  reached.  The  sub- 
tropical highs  are  good  examples  of  this  type  of 


liigh.  Therefore,  anticyclones  found  in  tropical 
air  are  always  warm  cored.  Anticyclones  found 
in  Arctic  air  are  always  cold  cored,  while 
anticyclones  in  polar  air  may  be  warm  or  cold 
cored. 

A  cold  core  low  is  accompanied  by  a  low 
warm  tropopause.  Since  the  pressure  surfaces  are 
close  together,  the  tropopause  is  reached  at  low 
altitudes  where  the  temperature  is  relatively 
warm.  Good  examples  of  cold  core  lows  are  the 
Aleutian  and  Icelandic  lows.  Occluded  cyclones 
will  generally  be  cold  cored  because  of  the  polar 
or  Arctic  air  that  has  closed  in  on  them. 
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Warm  core  lows  decrease  in  intensity  with 
height  or  completely  disappear  and  are  for  the 
most  part  replaced  by  anticyclones  aloft.  The 
heat  lows  of  the  southwestern  United  States, 
and  over  Asia  and  Africa  are  good  examples  of 
warm  core  lows.  Newly  formed  waves  will 
generally  be  warm  cored  because  of  the  wide- 
open  warm  sector. 

Systems  which  retain  their  closed  circulations 
to  appreciable  altitudes  are  called  dynamic  lows 
or  highs. 

USE  OF 

CONSTANT  PRESSURE  CHARTS 

The  analysis  of  and  a  general  description  of 
the  types  of  constant  pressure  charts  is  pre- 
sented in  chapter  21,  AG  3  &  2,  NavTra 
10363-D.  Therefore  thi^  section  will  be  confined 
to  a  brief  description  of  the  application  of  the 
various  constant  pressure  charts. 

rHEl,00O-MB  CHART 

This  chart  indicates  the  height  of  the 
LOOO-mb  pressure  surface  above  or  below  sea 
level.  When  the  l,000-mb  surface  lies  below  sea 
level,  it  is  indicated  by  negative  height  values.  In 
mountainous  areas  caution  must  be  observed  in 
using  I,00O-mb  height  values. 

The  chart  is  normally  constructed  from  the 
surface  chart  by  assuming  that  7  1/2  millibars 
equal  60  meters  (200  feet)  for  temperatures 
between  0°  and  20^  C.  For  temperatures  below 
0^  C  8 1/2  to  9  millibars  equal  60  meters,  and 
for  temperatures  above  20°  C,  6  to  6  1/2 
millibars  equal  60  meters.  These  are  a  valid 
approximation  of  the  1,000-mb  heights.  Heights 
from  radiosonde  soundings  should  be  used 
whenever  available. 

The  principal  use  of  the  1,000-mb  chart  is 
made  in  constructing  space  differential  (thick- 
ness) charts.  It  serves  as  the  base  level  for  the 
1,000-  to  700-mb  and  the  1,000-  to  500-mb 
differential  charts. 

THE  850-MB  CHART 

The  approximate  height  of  the  850-mb  level 
according  to  U.S.  Standard  Atmosphere  is  1,460 
meters  (4,780  feet).  The  principal  use  of  this 


chart  is  to  determine  the  representativeness  of 
surface  winds  and  temperatures,  to  derennine 
depth  of  moisture  patterns  in  winter,  and  to 
replace  the  surface  chart  in  mountainous  and 
plateau  areas  where  the  mean  elevation  is  around 
5,000  feet.  Both  temperature  (frontal)  analysis 
and  moisture  analysis  should  be  carried  out  on 
this  chart,  and  its  analysis  should  always  be 
made  in  close  conjunction  with  the  surface  chait 
whenever  possible. 

A  complete  and  careful  isotherm  analysis 
made  at  this  level  in  conjunction  with  wind  and 
pressure  analysis  will  lead  to  the  correct  place- 
ment of  fronts  at  this  level  and  by  implication 
location  of  the  surface  front.  A  thumb  rule  to 
guide  Aerographef  s  Mates  in  location  of  most 
fronts  is  to  look  for  the  850-mb  warm  front 
roughly  2  1/2°  to  3°  latitude  ahead  of  tiie 
surface  front  and  cold  fronts  from  3/4°  to  2° 
latitude  behind  the  surface  front. 

The  interval  is  the  same  as  the  1,000-mb 
chart-60  meters.  Radiosonde  and  moutain  sta- 
tion reports  of  the  height  of  the  850-mb  level 
should  be  used  in  plotting  and  analyzing  this 
chart.  The  850-mb  isotherms  serve  as  a  good 
indication  of  the  1,000-  to  700-mb  thickness 
patterns. 


THE  700-MB  CHART 

The  approximate  height  of  the  700-mb  chart 
is  3,010  meters,  (9,880  feet)  above  mean  sea 
level.  This  chart  is  used  mostly  to  determine  the 
vertical  extent  and  structure  of  fronts  and 
pressure  systems,  or  to  play  the  role  of  the 
850-mb  chart  over  elevated  areas.  It  also  plays 
the  role  of  the  850-mb  chart  in  moisture  analysis 
in  summer  when  moist  tongues  extend  to  greater 
heights  than  in  winter,  due  to  convectivo 
activity.  Other  uses  of  this  chart  are  in  fore- 
casting (steering  currents  for  certain  shallow 
pressure  systems  are  determined  at  this  level) 
and  in  differential  analysis.  The  contour  interval 
is  the  same  as  the  850-mb  chart. 

Short  w.'.ves  are  a  predominant  feature  of  this 
chart.  They  play  a  great  role  in  the  weather.  For 
this  reason  the  wave  features  of  the  700-inb 
chart  are  carefully  studied  and  tracked.  Short 
waves  have  great  influence  on  cloudiness,  front'il 
intensity,  precipitation  areas,  etc. 
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rHL50()-MB  CHART 

Th.  ipprOMiiKito  Iieiglit  of  tlic  SOO-nib  level  is 
5.5^i'  meters.  (18,280  feet)  nbove  mean  sea 
level.  Primary  features  of  this  chart  are  the  warm 
highs  and  cold  lows  with  associated  troughs  and 
ridges.  Long  waves  may  also  be  identified  at  this 
ie\el  although  most  bhort  wave^  have  lost  their 
identity. 

I s.iurt  is  the  mobt  wiuelv  used  of  all  upper 
air  -.^iitb  for  prognostic  purpobCb.  For  various 
aMbuuN.  this  chart  comes  closest  to  representing 
the  mean  state  of  the  atmosphere  at  the  time  of 
observation.  In  addition  tu  representing  the 
winvi  structure  at  a  common  llight  altitude  (for 
piNloii-engnie  aircraft),  it  is  albo  Ubcd  extensively 
ni  turecubtmg  the  movenient  and  development 
oi  tronts  and  pressure  sv^tcnis  at  low  levels,  sea 
level  in  particular. 

Since  this  level  approximately  divides  the 
atmosphere  with  respect  to  mass,  it  is  often  used 
in  conjunction  with  the  KOOO-mb  chart  to 
provide  layer  analysis  in  the  lower  half  of  the 
atmosphere.  When  no  200-  or  100-mb  chart  is 
available,  it  gives  a  fair  appro.\imar:o»i  to  the 
lion/.ontal  position  of  the  jetstream.  Because  the 
amount  of  data  available  decrease:>  rapidly  above 
this  leveK  the  500-mb  chart  provides  an  im- 
porttinl  base  unon  which  to  construct  high-level 
anaivsirs.  The  cmtour  interval  is  the  same  »is  for 
the  700-mb  chart. 

THE300-.MB  CHART 

The  approximate  height  of  the  300-mb  level  is 
about  9 J 60  meters  (30,050  feet).  The  primary 
features  of  this  chart  arc  the  pemianent  and 
semipermanent  highs  and  lows,  certain  dynaniic 
lows,  long  waves,  the  jetstream  in  winter,  and 
the  tropopause,  especially  the  Arctic  and  niidlat- 
itudc  tropopauses  in  winter. 

The  primary  uses  of  this  chart  are  forecastmg, 
determmation  of  the  characteristics  of  long 
wave's;  analysis  and  forecasting  of  the  jetstream 
(With  associated  isotach  analysis),  analysis  of  the 
tropopause  in  winter,  determination  of  the 
vorticity  distribution;  and  in  the  case  of  tropical 
cyclones  which  do  not  show  a  closed  circulation 
at  this  level,  steering  currents.  Jet  engines 
operate  more  efficiently  at  altitudes  upward  of 
300  millibars;  therefore,  this  chart,  too,  is  an 


indispensable  tool  in  planning  jet  operations. 
Contour  interval  is  normally  120  meters;  a 
60-meter  interval  may  be  used  in  areas  where  a 
finer  degree  of  delineation  is  required. 

THE  200-MB  CHART 

The  approximate  height  of  the  200-mb  sur- 
face is  1 1,790  meters,  (38,660  feet).  This  chart 
is  used  principally  as  an  adjunct  to  the  300-mb 
analysis.  In  summer,  it  plays  the  same  role  with 
respect  to  the  jetstream  as  the  300-mb  chart 
does  in  winter.  In  winter,  its  principal  synoptic 
use  is  for  estimation  of  advective  temperature 
changes  in  the  stratosphere.  The  200-mb  temper 
ature  analysis  is  particularly  used  in  isotach 
analysis  at  300  millibars.  Operational  use  and 
contour  interval  is  the  same  as  for  the  300-mb 
chart. 

THE  150-,  100-,  50-, 
AND  25-MB  CHARTS 

These  charts  are  nomially  prepared  only  by 
activities  with  large  staffs  and  are  used  primarily 
for  research  purposes.  The  amount  of  data 
available  at  these  levels  is  so  scanty  that  analyses 
are  likely  to  be  greatly  over-simplified  and  more 
than  one  logical  analysis  of  the  same  data  is 
easily  possible.  It  can  be  anticipated  that  as  the 
operational  ceilings  of  jet  aircraft  increase,  so 
will  the  practical  uses  of  the  150- and  100-mb 
charts. 

SPACE  DIFFERENTIAL 
(THICKNESS  CHARTS) 

Space  differential  charts  are  comiuonly  re- 
ferred to  as  thickness  charts,  since  they  repre- 
sent the  difference  in  height  between  two 
constant  pressure-surfaces.  The  most  commonly 
used  space  differential  charts  are  the  1,000-  to 
700-mb,  the  1,000-  to  ^00-mb,  and  the  500-  to 
300-mb  charts. 

They  are  usually  constructed  by  graphically 
subtracting  the  heights  on  one  analyzed  constant 
pressure  chart  from  those  on  another  The 
construction  of  these  charts  is  covered  in 
chapter  7  of  this  training  manual. 

Since  vertical  spacing  between  two  pressure 
surfaces   is  directly   related   to   the  virtual 
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temperature  of  the  hiycr  in  question,  the  differ- 
ence in  heiglit  between  two  pressures  is  directly 
related  to  the  mean  virtual  temperature  of  the 
layer.  Consequently  Hens  of  constant  thickness 
on  a  space  differential  chart  are  also  Hnes  of  con- 
stant mean  virtual  temperature  for  the  layer. 
Space  differential  charts  are  an  aid  in  the  analysis 
and  construction  of  prognostic  charts. 

The  variation  of  wind  with  height  is  deter- 
mined by  the  horizontal  gradient  of  temper- 
ature. This  difference  in  wind  direction  and 
speed  from  one  level  to  another  is  referred  to  as 
the  vertical  wind  shear  or  the  theniial  wind.  The 
significance  and  determination  of  the  thermal 
wind  are  covered  in  chapter  7. 


CIRCULATION  PATTERNS  ON 
UPPER  AIR  CHARTS 

The  patterns  on  constant  pressure  charts  take 
on  much  the  same  appearance  as  the  patterns 
delineated  by  isobars  on  a  surface  chart.  How- 
ever, the  pattern  becomes  smoother  and  more 
simple  with  an  increase  in  elevation,  since  many 
of  the  pressure  systems  decrease  in  intensity 
with  height.  The  l,000-mb  chart,  for  example, 
may  show  many  c!ose«  centers,  but  by  the  time 
the  200-mb  level  is  reached  there  are  few  if  any 
closed  centers.  Instead,  the  contours  present  a 
wavelike  pattern.  These  waves,  Hke  ocean  waves 
have  definite  properties  by  which  they  may  he 
identified. 

LONG  AND  SHORT  WAVES 

Wave  patterns  are  classified  according  to  their 
wave  lengths  as  long  and  short  waves.  Wave 
length  is  the  distance  from  one  trough  to  the 
next  trough,  or  fron:  one  ridge  to  the  next  ridge, 
or  from  a  pohit  on  one  crest  to  the  correspond- 
ing point  on  the  next  crest.  Wave  length  is 
measured  in  degrees  longitude.  Wave  ampHtude 
is  the  north-south  dista:icc  from  point  of  inflec- 
tion to  peak  or  to  lower  extremity.  Wave 
amph'tude  is  measured  'ii  degrees  latitude.  Figure 
4-14  illustraies  the  measurement  of  the  length 
and  ampHtude  of  a  long  wave.  Also  note  the 
appearance  of  a  short  wave  trough  on  the  long 
wave. 


AG.424 

Figure  4-14*— illustration  of  a  long  and  short  wave  and 
the  measurement  of  length  and  amplitude  of  a  long 
wave. 


Long  Waves 

Long  waves,  sometimes  referred  to  as  major 
troughs,  provide  general  guidance  in  prognosti- 
cating surface  events,  such  as  cyclogenetic  areas 
and  in  determining  steering  currents  for  systems 
on  surface  synoptic  charts.  A  long  wave  is  a 
wave  in  the  major  belt  of  the  westerHcs  vvluch  is 
characterized  by  large  wave  length  and  ampli- 
tude. Long  waves  vary  In  length  between  50^ 
and  120°  of  longitude.  The  ampHtude  of  long 
waves  is  large  and  increases  upward  in  ihe 
troposph  re.  Therefore,  they  are  2.ssociated  with 
cold  trouglis  and  warm  ridges.  Nonnally,  the 
number  of  long  waves  arounc  the  hemisphere  is 
4  or  5,  but  there  may  be  as  r  .any  as  7  or  as  few 
as  3.  Long  waves  move  slov/ly  with  a  normal 
movement  at  40°  N  hit.  on  the  order  of  about  2° 
long,  per  diy  during  the  spring  to  sHghtly  less 
than  1°  during  the  fall,  but  they  can  be 
stationary  or  even  retrogress. 

Long  waves  arj  persistent,  that  is.  Is.ey  do  not 
appear  or  disappear  rapidly.  Formation  generally 
takes  place  in  the  same  geographical  area  w^ien 
new  waves  are  forming  from  short  waves  or  from 
a  changing  synoptic  situation.  Long  waves  are 
easily  identifiable  from  5-day  mean  charts. 

As  related  to  synoptic  events,  long  waves  are 
dissociated  with  surface  cyclone  families.  Over 
the  eastern  portion  of  the  cyclone  family  may 
be  found  a  major  (warm)  ridge,  over  the  western 
portion,  a  cold  trougli  associated  with  the  polar 
outbreak.  Therefore,  majcr  waves  mirror  the 
cyclone  series  in  its  entirety,  while  *^inor  or 
short  waves  may  be  associated  with  individual 
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MirlV.cc  c\cluncx  Long  \s»i\ch  arc  bc^t  iJciitifi- 
*iblc  on  the  300-ir.b  diarr,  tliougli  Jiirip.g  ihc 
colder  hcv  nOii  the  500-in>  chart  h  rrequeiUK 
used  for  this  purpose. 

Figure  4-15  iUustrateh  the  relationship 
between  long  waves  and  other  meteorological 
events. 
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Figure  4-15.— Long  waves  and  related  weather. 

Short  Waves 

Superimposed  on  the  long  wave  contours  of  a 
given  upper  air  eliart,  say  500-mb,  are  numerous 
troughs  and  ridges  cf  small  dimensions  called 
short  wave  troughs  and  short  wave  ridges.  Short 
wave  troughs  ,nv  p'iX)gressive  waves  of  smaller 
amplitude  and  wave  length  than  the  long  waves, 
moving  in  the  same  direction  as  the  basic  current 
in  which  they  are  embedded.  They  often  dis- 
appear with  height,  and  may  not  be  detectable 
above  the  500-mb  level.  Short  waves  arc  more 
numerous  than  long  waves,  with  10  or  more 
active  waves  being  present  in  the  hemisphere 
most  of  the  time.  They  are  a.ssoeiated  with  warm 
troug!:s  and  cold  ridges.  Short  waves  move 
rapidl>  and  are  progressive.  Their  eastward 
niotior.  is  very  near  that  of  the  700-mb  How, 
and  an  average  speed  for  these  waves  may  be 
from  8^  of  longitude  per  da>  during  the  .summer 
to  12^  of  longitude  per  day  during  the  winter. 

In  comparison  with  long  waves,  short  waves 
appear  and  disappear  rapidly.  Short  waves 
appear  to  be  of  little  consequence  hi  the  steering 


of  M'rfaee  piessure  b> stems  but  J.o  have  a  great 
effect  on  long  waves.  Short  waves  intensify  as 
the^  approach  long  waves,  jiid  weaken  as  they 
leave  the  long  wave  behind.  Tliey  tlattcn  a  long 
wave  ridge  when  superimposed  on  one. 

Because  of  the  sparseness  of  upper  air  data  in 
many  areas,  short  waves  may  be  easily  over- 
looked or  carelessly  smoothed  out  of  the 
analysis.  In  isolated  areas,  the  principal  clue  to 
the  passage  of  a  short  wave  trough  is  a  slight 
veering  of  the  wind  for  a  brief  time.  Too,  the 
long  wave  troug  i  intensifies  when  overtaken  by 
a  short  wave  trough  and  this  intensification 
often  •'csults  in  surface  cyclogencsis.  One  of  the 
best  synoptic  clues  to  the  existence  and  location 
of  short  waves  in  denser  networks  is  the  12-  or 
24-hour  coincidence  of  small  closed  height  fall 
centers  wilhi  short  vavc  troughs  and  the  12-  or 
24-liour  small  closed  rise  centers  with  short  wave 
ridges. 

Isotherm-Contour  Relationship 

Certain  generalized  patterns  of  isotherms  in 
relation  to  ,jntours  are  of  significance  in  that 
they  arc  indicative  of  present  conditions,  hence, 
future  conditions  also,  especially  in  relation  to 
movement  of  troughs  and  ridges. 

Lsotherms  on  constant  pressure  charts  are 
considered  in  phase  or  out  of  phase  with 
contours.  When  isotherms  arc  in  pluisc,  they 
form  a  pattern  in  relation  to  the  contours  that  is 
exactly  coincident  with  the  troughs  and  ridges. 
They  are  aLso  deemed  in  phase  when  the 
isotherms  are  of  greater  or  lesser  amplitude  than 
the  contours.  Isotherms  are  out  of  phase  when 
the  trough  and  ridge  lines  of  the  isotherms  are 
not  coincident  vvitli  the  contour  trough  and 
ridge  lines.  (Sec  fig.  4-16.) 

The  rules  for  the  movement  of  waves  deter- 
mined by  the  isotherm  contour  patterns  are  as 
follows: 

1.  If  the  isotherms  are  in  phn.se  and  parallel 
to  the  contours,  the  wave  is  stationary. 

2.  If  the  isotherms  are  in  pha.se  but  of  less 
amplitude  then  the  contours,  the  wave  will  have 
retrograde  motion. 

3.  If  the  isotherms  are  in  phase  but  of  greater 
amplitude  than  contours,  the  wa^x*  is  slowly 
progres.>ive. 
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/ ^  ^y/  ^ 

(A)  IN  PHASE  -  ISOTHERMS  PARALLEL  - 
STATIONARY 

(B)  in  phase  -  ISOTHERMS  LESS  AMPLITUDE  - 
RETROGRADE 

^^^^^^^^^^^^^ 



(C)  IN  PHASE  -  ISOTHERMS  GREATER  AMPLITUDE- 
SLOWLY  PROGRESSIVE 

(D)  OUT  OF  PHASE  -  ISOTHERMS  90^  OUT  - 
EQUAL  TO  GRADIENT  WIND 

fE)  OUT  OF  PHASE  -  ISOTHERMS  180^  OUT 
FAST-MOVING 


Figure  4-16.— Isotherm-contour  patterns. 
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4.  \{  the  isollierins  arc  90°  out  of  phase,  the 
wave  moves  with  the  speed  of  the  gradient  wind. 

5.  If  the  isotherms  are  180*^  out  of  pluisc.  the 
wave  is  fast  movinu. 


UPPER  HIGHS  AND  LOWS 

The  most  common  pattern  which  appears  on 
upper  air  charts  consists  of  alternate  troughs  and 
ridges,  with  occasional  closed  lows  in  the 
tro  g!is  and  closed  higlis  in  the  ridges,  forming  a 
ser.es  of  waves  which  girdle  each  hemisphere. 
The  lows  arc  normal^  on  the  poleward  side  of 
the  strongest  westerlies,  and  the  highs  arc  on  the 


equatorward  side  of  the  strongest  westerlies. 
These  lows  and  troughs  generally  are,  but  not 
necessarily,  associated  with  cyclones  at  lower 
levels  (sea  level  in  particular). 

If  the  situation  is  reversed,  that  is  a  low 
appears  on  the  equatorward  side  of  the  jet  and 
highs  are  poleward,  they  are  said  to  be  in  an 
abnormal  position.  Highs  and  lows  in  this 
abnormal  position  are  sometimes  referred  to  as 
CUTOFF  CENTERS.  They  are  most  common  in 
the  spring  and  least  common  in  the  fall.  In 
seasons  when  tliey  ^^re  most  frequent,  they 
repeatedly  occur  in  the  same  geographical  loca- 
tion. Cutoff  lows  appear  most  frequently  over 
the  southwestern  United  States  and  along  the 
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northwestern  coa^t  ol  Alri^a.  C  utotT  highs  arc 
most  ficqucnl  in  northeastern  Sihena,  Alaska, 
and  Greenland. 

The  tbrniation  ot  these  cutotT  centers  is 
discussed  later  in  this  cliaptei.  The  peiiods  in 
which  tiiese  occni  is  believed  to  he  part  ot  the 
index  cycle,  taking  some  4  to  b  weeks  to 
accomplish.  When  highs  and  lows  are  in  this 
position,  we  appear  to  have  our  topsy-turvy 
weather.  Foi  instance,  the  tenipeiature  may  be 
warmer  in  Alaska  th;»n  in  I'lorida. 


Under  ^onal  conditions,  the  long  waves  have 
smaller  amplitudes  and  longer  wave  lengths  than 
they  have  under  meridional  flow.  Another  way 
of  characterizing  the  long  wave  pattern  is  by 
wave  number.  Zonal  flow  has  a  small  wave 
number,  meridional  flow  a  large  wave  number. 
Surface  systems  are  comparatively  shallow  (in 
vertical  extent)  and  move  rapidly  west  to  east  in 
/.onal  patterns,  while  in  meridional  patterns  they 
arc  deepei  in  vertical  extent  and  move  poleward 
or  equatorward,  or  remain  quasi-stationary. 


SPECIAL  CIRCULATION  FEATURES 

During  tlu-  discussion  of  secondary  circulation 
you  noted  that  centers  of  action  migrate  and 
change  in  intensity.  These  changes  in  location, 
orientation,  and  intensity  of  the  centers  of 
action  intluence  the  movement  of  migratory 
systems.  Since  special  circulations  play  a  large 
role  in  inlluencing  the  secondary  circulations,  it 
is  important  that  you  learn  the  significant 
features  of  these  circulations  and  how  they  can 
intluence  the  daily,  and  sometime*;  ^he  seasonal, 
weather. 

ZONAL  AND  MERIDIONAL  FLOW 

Variation  in  the  speed  and  direction  of  the 
west  wind  Is  one  of  the  most  significant  a.spects 
of  the  atmosphenc  circulation.  Probably,  the 
first,  and  certainly  the  simplest,  of  all  methods 
of  classifying  the  tlow  patterns  is  according  to 
whether  west-east  or  north-.south  components  of 
flow  dominate.  The  former  case  is  characterized 
as  zonal  flow,  the  latter,  as  meridional  flow. 
Figure  4-17  shows  typical  examples  of  zonal  and 
meridional  flow  on  the  500-mb  chart. 
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Figure  4»17.— Zonal  and  meridional  flow  pattern^. 
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ZONAL  INDEX 

The  zonal  index  is  a  measure  of  the  strength 
of  the  niidlatitude  westerlies,  expressed  as  the 
horizontal  pressure  difference  between  35°  and 
55°  latitude,  at  the  surface  or  aloft.  The  upper 
level  most  frequently  used  (and  the  most  con- 
venient to  use)  is  the  700-nib  level. 

A  quantitative  expression  of  the  index  is 
associated  with  certain  weather  phenomena.  The 
zonal  index  does  not,  however,  account  for 
dynamic  processes  in  the  upper  air  such  as 
convergence  and  divergence:  consequently  the 
zonal  index  is  now  generally  used  only  as  an 
indicator  and  is  seldom  computed,  but  merely 
estimated. 

The  zonal  index  may  be  computed  at  the 
surface  by  averaging  the  reported  and  estimated 
soa  level  pressures  at  latitudes  35°  and  55°  at  5^ 
loi;gitude  intervals  ovei  a  span  of  at  least  90° 
but  preferably  120°,  longitude.  The  mean  sea 
level  pressure  at  55°  latitude  is  then  subtracted 
from  the  mean  .sea  level  pre.s^  ireat  35°  latitude. 
If  the  .sea  level  pressure  difference  is  at  least  +8 
millibars,  nigh  zonal  index  prevails;  and  if  the 
difference  is  +3  millibars  or  less,  low  zonal  index 
prevails. 

When  computing  the  zonal  index  at  700-mb 
level,  the  actual  contour  values  are  used,  and  the 
final  difference  is  then  converted  to  millibars  by 
letting  60  meters  equal  7  1/2  millibars. 

High  Zonal  Index 

When  the  pressure  ditfereiice  between  35"^ 
and  55°  latitude  is  more  than  8  millibars,  high 
zonal  index  prevails.  High  zonal  index  is  asso- 
ciated with  Jong  waves  in  the  upper  air,  having 
small  amplitudes,  warm  troughs,  and  cold  ridges 
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With  high  zonal  index  the  Icelandic  and  Aleutian 
lows  are  in  normal  position,  or  slightly  north  of 
their  respective  normal  positions  and  well  devel- 
oped. The  axis  of  these  lows  will  be  east-west, 
and  the  associated  trouglis  will  have  an  east-west 
orientation.  The  Atlantic  and  Pacific  subtropical 
highs  are  north  of  their  respective  normal 
positons  and  their  orientation  is  strongly  east- 
west.  The  Great  Basin  Higli  is  present,  as  is  the 
Siberian  High,  but  it  has  little  westward  exten- 
sion. Highs  are  absent  in  the  high  latitudes. 
Frontal  zones  move  from  west  to  east,  are  at 
higher  latitudes,  move  rapidly,  and  have  a 
prominent  east-west  orientation.  There  are  few 
polar  outbreaks,  and  the  moderate  highs  in  the 
low  latitudes  move  rapidly.  The  midlatitude 
temperatures  are  moderate,  and  the  weather  is 
generally  fair.  The  polar  regions  become  colder 
and  at  60°  N  lat.  the  weather  is  stormy. 

Low  Zonal  Index 

Low  zonal  index  prevails  when  the  sea  level 
pressure  difference  between  latitudes  35°  and 
55°  is  +3  millibars  or  less.  An  extreme  low  zonal 
index  is  at  hand  when  the  pressure  at  55° 
latitude  is  higher  than  that  at  35°  latitude.  On 
the  700-mb  chart  short  waves  are  a  predominant 
feature.  The  short  waves  have  relatively  large 
amplitudes  and  are  associated  with  warm  ridges 
and  cold  troughs.  Cutoff  centers  are  common. 
The  Icelandic  and  Aleutian  lows  have  split  into 
two  weak  cells  each,  and  they  have  a  strong 
north-south  orientation.  The  Atlantic  and 
Pacific  subtropical  highs  are  weak,  and  in  a  more 
southerly  position  than  normal  with  a  north- 
south  orientation.  Each  of  the  highs  has  split 
into  two  cells.  The  polar  region  highs  are 
strongly  developed,  and  joined  in  the  Arctic 
regions.  There  are  more  fronts  during  low  zonal 
index;  there  is  sharp  contrast  in  them;  their 
orientation  is  north-south.  Storms  and  cyclones 
with  heavy  precipitation  are  frequent  in  the  low 
latitudes.  Temperatures  occur  in  extremes  in  the 
mid  and  low  latitudes.  The  high  latitudes  are 
storm-free  with  mild  temperatures. 

Changing  Zonal  Index 

The  zonal  index  does  not  cnange  from  high  to 
low  overnight;  however,  the  degree  of  high  or 


low  zonal  index  is  not  immediately  a  static 
value.  The  weather  situation  changes  irregularly 
from  high  to  low  zonal  index  and  vice  versa. 
Changing  zonal  index  is  therefore  an  important 
aspect  to  consider  in  estimating  the  current 
trends.  A  changing  zonal  index  may  be  a  falling 
or  rising  zonal  index. 

FALLING  ZONAL  INDEX.-The  Icelandic 
and  Aleutian  lows  move  southward  and  begin  to 
split.  The  Atlantic  and  Pacific  subtropical  highs 
follow  course.  Migratory  systems  slow  down, 
especially  in  the  higher  latitudes,  resulting  in  a 
gradual  shift  in  frontal  orientation  to  north- 
south.  Polar  highs  develop  and  begin  to  break 
out. 

RISING  ZONAL  INDEX.-The  eastern  cells 
of  the  semipermanent  lows  and  higlis  begin  to 
fill  and  weaken,  respectively,  and  move  east- 
ward, finally  disappearing  completely.  The  west- 
em  cells  of  the  centers  of  action  move  northeast- 
ward into  their  normal  positions.  Migratory 
systems  begin  to  intensify  and  speed  up,  espe- 
cially in  the  higher  latitudes,  resulting  in  a  more 
east-west  orientation  of  the  associated  frontal 
systems.  The  polar  high  stagnates  over  the  Great 
Basin;  cutoff  systems  begin  to  fill. 

The  seasonal  change  in  the  zonal  index  is  of 
great  magnitude.  Summer  changes  are  small  and 
winter  changes  are  extreme.  A  particular  index 
may  remain  nearly  stagnant  for  several  weeks, 
especially  in  th't  winter,  or  manifest  itself  only 
for  a  few  days. 

BLOCKS 

Blocking  is  defined  as  the  development  of  a 
warm  ridge  or  cutoff  high  aloft  at  high  latitudes 
which  bc;omes  associated  with  a  cold  high  at 
the  surface.  Blocks  form  most  'Yequently  in  the 
northeastern  portion  of  the  Atlantic  and  the 
Pacific.  They  move  very  slowly  and  tend  to 
move  westward  during  intensification  and  east- 
ward during  dissipation.  Atlantic  blocks  fre- 
quently move  as  far  westward  as  the  Maritime 
Provinces  of  Canada.  The  blocking  higli  is  the 
situation  when  a  warm  core  upper  high  has 
become  situated  over  a  cold  core  surface  high, 
splitting  the  westerlies. 

The  cutoff  higli  is  a  particular  example  of  the 
general  class  of  higlr  ailed  blocking  highs. 
A    normal    accompaniment    sufficient  for 
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anticyclogcnesis  is  the  existence  of  high-speed 
wind  approaching  anticyclonically  curved  and 
weaker  contour  gradients  downstream.  The  high- 
est pressure  to  the  right  of  the  high-speed  Qet) 
winds  tends  to  be  propagated  downstream  to  fill 
and  cause  to  move  east  any  trough  in  its  path 
downstream. 

Three  general  types  of  blocks  are  said  to  exist. 
One  is  called  the  OMEGA  block  due  to  its 
resemblance  to  the  Greek  letter  OMEGA.  Figure 
4-18  shows  the  three  types  of  blocks  as  they 
occur  in  the  atmosphere. 

Identifying  Characteristics 

Fur  identification  purposes,  blocks  have  the 
following  characteristics:  The  basic  westerly 
flow  splits  into  two  branches,  and  each  branch 
transports  an  appreciable  amount  of  mass;  about 
half  the  contours  go  north  and  the  other  half 
south.  Each  branch  must  extend  over  at  least 
45^  long,  before  they  recombine;  a  sharp  transi- 


tion from  zonal  to  meridional  flow  must  exist  in 
the  region  of  the  spht;  upstream  the  flow  is 
zonal  and  downstream  meridional. 

There  are  other  characteristics  for  recognition 
and  detection.  The  high  is  centered  in  middle  or 
high  latitudes  (poleward  of  40^  lat.).  There  is  a 
strong  jet  or  branch  of  the  Jetstream  going 
around  the  polewaid  side  of  the  high.  They  tend 
to  occur  persistently  in  the  same  season  or  not 
at  all.  They  occur  most  frequently  in  late  winter 
and  early  spring. 

Isotherm-Contour  Relationship 

In  a  typical  blocking  pattern,  a  core  of  warm 
air  is  present  in  the  vicinity  of  the  cutoff  high;  if 
a  low  is  also  present,  a  cold  air  core  is  present  in 
the  vicinity  of  the  cutoff  low. 

Foi-mation 

The  genesis  of  a  typical  blocking  situation  is 
normally  preceded  by  intense  cyclogenesis  to 
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the  west  and  the  development  of  a  cold  con- 
tinental anticyclone  eastward  of  the  blocking 
area.  This  brings  about  induction  of  warm  air 
into  the  ridge,  causing  the  warm  ridge  to  cut  off 
and  split  the  westerHes,  Several  days  are  nor- 
mally required  to  accomplish  this. 

Blocks  should  be  looked  for  in  late  winter  or 
early  spring  in  certain  preferred  locations;  that  is 
over  the  eastern  portions  of  oceans  in  high  and 
middle  latitudes.  During  intensification,  blocks 
have  a  tendency  to  move  slowly  westward 
(retrograde).  This  movement  is  very  slow. 

Dissipation 

The  reestablishment  of  the  strong  zonal  fir  - ' 
by  whatever  process  it  is  induced  causes  the 
dissipation  of  blocks.  During  such  dissipation 
processes,  blocks  tend  to  move  eastward  at  a 
very  slow  rate. 

CUTOFF  LOWS 

Waves  in  the  contour  patterns  on  upper  air 
charts  can  be  either  stable  or  unstable,  the  same 
as  waves  on  a  front,  depending  on  whether  their 
amplitudes  increase  with  time.  Figure  4-19 
shows  the  typical  stages  in  the  development  of  a 
CUTOFF  LOW  in  the  trough  of  an  unstable 
wave. 

Stages  3  and  4  correspond  to  occlusion  in  the 
wave  cyclone  and  are  often  associated  with 
surface  occlusions.  Cutoff  lows  are  always 
dynamic.  Cutoff  highs  are  defined  in  a  similar 


fashion  and  are  also  dynamic.  Because  of  the 
obvious  analogy,  some  meteorologists  have  sug- 
gested that  a  surface  high  associaved  with  a 
cutoff  high  aloft  be  called  an  occluded  anti- 
cyclone. 

Cutoff  lows  occur  most  frequently  iJong  the 
southwesteni  coastal  area  of  the  United  States 
and  the  northwestern  coastal  areas  ol  Africa. 
They  may  form  just  south,  but  mostly  south- 
west, of  a  blocking  high.  A  very  sharp  ridge  is 
usually  to  the  west  of  them,  oriented  southwest 
to  northeast  at  500  millibars.  The  cutoff  low 
forms  a  pool  of  cold  air.  It  is  a  completely 
isolated  cyclone  of  cold  air.  The  conditions,  as 
illustrated  in  figure  4-14,  leading  to  the  forma- 
tion of  a  cutoff  low  are  high-speed  winds  and 
height  falls  downstream  approaching  weak 
cyclonically  curved  contours  of  a  low  in  the 
midlatitudes.  The  direction  of  these  high-speed 
winds  is  such  that  in  deepening,  the  low  is  also 
displaced  farther  south  or  remains  quasi- 
stationaiy  (at  least  in  the  formative  stages). 

THE  JETSTREAM 

A  Jetstream  is  a  band  or  belt  of  strong  winds 
of  50  knots  or  more  with  a  strong  westerly 
component  which  meanders  vertically  and  hori- 
zcntclly  around  the  hemisphere  in  wavelike 
patterns.  It  is  not  found  at  the  same  latitude  or 
elevation  around  the  earth,  but  has  a  sinusoidal 
pattern  (a  wavelike  trajectory).  At  times  it  is  a 
continuous  band,  but  more  often  it  is  broken  up 
into  several  discontinuous  segments,  or  it  is  split 
at  several  points.  Jetstreams  are  characteristic  of 
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Figure  4  <9.-Development  of  a  cutoff  low. 
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both  the  Northern  Hemisphere  and  the  Southern 
Hemisphere,  however,  much  more  is  known 
about  the  ones  in  the  Northern  Hemisphere, 
since  there  is  more  data  available  about  them. 
The  general  characteristics  mentioned  here  are 
based  on  what  is  known  of  jetstreams  in  the 
Northern  Hemisphere. 

An  observation  of  high  wind  speed  does  not 
by  itself  warrant  use  of  the  term  **jetstreani."  It 
is  necessary  for  large  vertical  and  horizontal 
shears  to  exist  which  limit  vertical  and  lateral 
extent  of  the  strong  winds,  in  order  for  a  *'core 
to  exist."  Moreover,  the  word  ''stream''  implies 
that  the  core  must  possess  considerable  length. 

For  the  sake  of  definition,  the  World  Meteor- 
ological Organization  in  1958  proposed  the 
following  definition.  "Nonnally  a  jetstream  is 
thousands  of  kilometers  in  length,  hundreds  of 
kilometers  in  width,  and  also  some  kilometers  in 
depth.  The  vertical  shear  of  wind  is  of  the  order 
of  5  to  10  m/sec  per  kn?  the  lateral  shear  is 
of  the  order  of  5  m/sec  per  100  km.  An 
arbitrary  lower  hmit  of  30  m/sec  is  assigned  to 
the  speed  of  the  wind  along  the  axis  of  the 
Jetstream."  The  rate  of  change  of  wind  direction 
and  speed  with  either  altitude  or  on  a  horizontal 
plane  is  termed  shear. 

If  one  visualizes  a  current  with  dimensions  as 
given  by  the  WMO.  he  finds  that  the  jetstream 
can  be  likened  to  a  thin,  narrow  ribbon.  A 
system  of  such  shape  cannot  be  portrayed  on 
true  scale  on  vertical  cross  sections  where  a 
description  of  vertical  and  h  >rizontal  gradients  is 
desired.  On  such  sections  ihe  vertical  distance  is 
always  exaggerated,  usually  about  100.1.  This 
scale  distortion  must  be  kept  in  mind  when  cross 
sections  are  examined. 

One  jetstream  rarely  occurs  alone  in  the 
atmosphere;  multiple  jets  are  more  the  general 
aile.  They  have  been  found  to  have  a  pro- 
nounced association  with  the  subtropical  higli 
and  frontal  systems  that  occur  between  selected 
air  masses:  the  Arctic  or  "Polar  Niglit"  jetstream 
IS  not  associated  with  any  of  these  phenomena, 
but  is  situated  at  high  altitudes  in  the  Arctic  at 
an  altitude  where  the  stability  of  the  atmosphere 
increases  discontinuously  upward. 

In  general,  jetstreams  are  labeled  as  the  polar 
front  jet  and  the  subtropiciil  jet;  a  later  dis- 
covery IS  the  Arctic  or  'Tolar  Niglit"  jet. 
However,  for  the  purpose  of  identification  and 
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forecasting  a  still  finer  delineation  is  necessary. 
For  instance,  the  polar  front  jetstream  may  be 
either  a  single  or  multiple  system,  depending  on 
certain  meteorological  factors.  Listed  belov^  are 
the  principal  divisions  of  these  jets: 

1.  Polar  Front  Jetstream  (Single  System).  In 
both  cases  of  the  polar  front  jetstream  it  is 
associated  with  the  principal  frontal  zones  and 
cyclones  of  middle  and  subpolar  latitudes.  The 
polar  front  jetstream  as  a  single  system  is  a 
characteristic  occurrence  during  a  high  index 
condition. 

2.  Polar  Front  Jetstream  (Multiple  System). 
During  low  index  conditions,  the  air  mass 
discontinuity  associated  with  the  polar  front  is 
modified,  and  as  a  result  a  branch  of  the  polar 
front  jet  system  is  established  north  and  west  of 
the  migratory  high  in  addition  to  the  old  polar 
front  branch  that  remains  south  of  the  high. 
This  is  especially  true  over  the  Pacific  through 
the  action  of  a  migratory  polar  high  from  Japan 
which  stagnates  in  the  Pacific.  The  northern 
branch  of  this  jet  system  has  been  labeled  the 
interpolar  front  jet;  the  other,  the  old  polar 
front  iet.  Once  the  formation  of  the  interpolar 
front  IS  initiated,  the  old  polar  front  jetstream  is 
apt  to  disappear  rather  rapidly  and  the  inter- 
polar front  jet  becomes  the  dominant  one. 

3.  Subtropical  Jetstream.  This  jetstream  is 
found  solely  in  the  lower  latitudes  over  sub- 
tropical high  cells  and  marks  the  poleward  limit 
of  the  trade  wind  cell  of  the  general  circulation. 
Generally,  the  transfer  of  angular  momentum  is 
assigned  the  leading  role  in  the  formation  and 
ntaintenance  of  this  jetstream.  Thermal  contrasts 
are  in  evidence  on  the  left  of  the  stream  (looking 
downstream),  though  they  are  not  as  intense  as 
those  contrasts  between  air  masses. 

4.  Arctic  or  "Polar  Niglit"  Jetstream.  This 
jetstream  is  situated  high  in  the  stratosphere  in 
and  around  the  Arctic  or  Antarctic  Circles. 

Although  there  may  be  other  currents  re- 
sembling jetstreams  at  still  higher  levels,  our 
knowledge  about  them  is  stili  too  scant  to 
warrant  treatment  of  them  here.  Although  the 
three  types  of  currents  occur  in  widely  differerrt 
geographic  locations,  their  basic  structure  ss 
similar.  The  basic  structure  of  the  jetstream  is 
discussed  in  this  chapter  and  differences 
between  the  polar  jet  and  the  other  two  pointed 
out  where  appropriate. 
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Synoptic  Structure  of  the  Jetstream 

The  model  oftlie  jetstream  in  the  upper  air  in 
common  usage  shows  a  strong  concentration  of 
high  wind  speed  lines  (isotaclis)  both  vertically 
and  horizontally  in  the  upper  air  that  are 
organized  into  fairly  narrow  ribbons  embedded 
in  the  relatively  slow  speed  wind  fields  of  t  le 
surrounding  atmosphere.  The  concentration  is 
located  just  to  the  riglit  of  the  baroclinic  zones 
(looking  downstream)  between  relatively  cold 
and  warm  air.  A  complete  representation  of  the 
wind  structure  should  take  into  account  its 
variations  in  three  dimensions-vertically 
(depth),  latitudinally  (width),  and  longitudinally 
(length).  Since  the  wind  field  in  a  three- 
dimensional  picture  is  hard  to  portray,  a  two- 
dimensional  picture  is  used.  They  are  the  vertical 
and  horizontal  fields.  (See  fig.  4-20.) 

Thermal  Field  Around  the  Jetstream 

A  jetstream  (other  than  the  subtropical  jet- 
stream)  is  associated  with  the  thermal  discon- 
tinuity between  air  masses.  The  subtropical 
jetstream  does  not  depend  upon  air  mass  con- 
trast but  rather  on  momentum  transfer. 

The  magnitude  of  the  thermal  discontinuity 
between  the  air  masses  depends  upon  the  initial 
properties  of  the  individual  air  masses  and  the 
degree  of  subsequent  modification  of  these  two 
properties. 

One  of  the  most  valuable  clues  in  locating  the 
jetstream  stems  from  the  relationship  of  the 
jetstream  to  the  thermal  discontinuity  (front) 
between  two  air  masses.  The  core  of  the  jet- 
stream is  located  directly  above,  or  nearly  so, 
the  thermal  concentration  on  the  500-mb  sur- 
face. Since  recent  studies  have  revealed  that 
troughs  and  ridges  slope  very  little  from  500  to 
300  mUlibars  and  are  almost  vertical  from  300 
to  50  millibars,  a  higli  degree  of  correlation  is 
evident  in  locating  the  jetstream  on  charts  above 
the  500-mb  level. 

Frontal  intersections  aloft  appear  on  the 
horizontal  planes  as  areas  of  highly  concentrated 
temperature  lines  or  zones  of  maximum  concen- 
tration of  temperatures.  This  concentration  of 
isotherms  may  reach  a  magnitude  as  great  as 
lO^C  in  45  miles,  but  usually  ranges  between 
lO^'C  in  90  miles  and  lO^'C  in  150  miles.  Under 


certain  conditions  this  zone  of  concentration 
may  be  traced  continuously  around  the  lienii- 
spliere,  but  not  often.  The  degree  of  concentra- 
tion will  vary  along  the  front,  being  weaker,  in 
general,  through  ridges  and  stronger  in  troughs. 

Since  a  concentration  of  temperature  repre- 
sents the  frontal  intersection,  more  than  one 
zone  of  concentration  would  exist  if  hiore  than 
one  front  extends  to  any  one  plane.  This  is 
particularly  evident  at  low  levels,  500  millibars 
and  below.  Above  500  millibars  only  the  major 
frontal  systems  are  likely  to  appear. 

A  jetstream  is  usually  associated  with  each 
thermal  concentration  in  excess  of  lO^Cin  200 
miles,  expecially  if  the  thermal  contrast  is 
maintained  througli  a  deep  layer.  This  thermal 
contrast  comprising  the  frontal  zone  is  usually 
evident  at  all  levels  up  to  and  including  the 
400-mb  leveK  and,  on  occasions  as  higli  as  the 
300-mb  level.  A  positive  thermal  gradient  (warm 
air  to  the  south  and  cold  air  to  the  north)  is 
present  in  these  levels.  Between  300  and  200 
millibars  their  thermal  contrast  is  greatly  dimin- 
ished or  disappears.  Above  the  200-nib  level 
their  thermal  contrast  is  i-eestablislied,  retlecting 
the  appearance  of  warm  stratospheric  air  to  the 
left  of  the  jetstream  (looking  downstream)  and 
cold  tropospheric  air  to  the  right.  Thus  in  these 
high  levels,  the  directio.;  nf  the  thermal  gradient 
is  now  reversed  (warm  air  to  the  north  and  cold 
air  to  the  south).  Tlie  level  at  which  the  reversal 
of  temperature  gradient  occurs  is  termed  the 
Z-SURFACE.  The  foregoing  temperature  dis- 
tribution is  necessary  if  the  wind  is  to  increase 
to  a  maximum  value  and  then  decrease.  (See  fig. 
4-20.) 

Thus,  it  may  be  said  that  the  jet  core  will  lie 
between  200  and  300  millibars  directly  above 
the  strongest  meridional  temperature  gradient  at 
500  millibars.  A  strong  meridional  lemperalure 
would  be  indicated  on  the  500-nib  chart  by  a 
packing  of  the  isotherms. 

Location  on  Upper  Air  Charts 

From  these  observations  we  can  evolve  the 
following  niles:  With  the  exception  of  the 
subtropical  jetstream,  expect  jetstream  cores 
(especially  midlatitude  jets)  to  be  found  directly 
above,  or  neariy  so,  a  zone  of  maximum 
concentration  of  temperatures  on  the  500-mb 
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Figure  4-20.-Vertical  cross  section  of  a  model  of  the  jetstream.  (A)  Wind  and  fronts;  (B)  temperature  distribution. 
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siirtace.  O'Connor  stales  IIkU  the  jetstrcMiii  is 
treqiiently  well  defined  at  this  level  and  is 
usually  round  in  the  -  17°  C  to -20°  C  isotherm 
ribbon  with  a  most  Ircqucnt  concentration  along 
the  -  1 7*^  C  isotherm.  The  contour  channels  most 
frequently  associated  with  the  Jetstream  are 
between  10.200  (5.548  meters)  and  18.600  leet 
(5.670  meters),  with  a  concentration  along  the 
18,400-root  (5.608  meters)  contour  Project 
AROWA  found  in  a  research  study  that  the  jet 
maximums  occur  82  percent  of  the  time 
between  29.400-tbot  (8.960  meters)  and 
30,300-foot  (9,236  meters)  contours.  This 
should  be  primarily  a  wintertime  rule,  since  the 
height  would  vary  with  area  and  sea.son  and 
specified  climatic  conditions.  Also,  from  the 
foregoing  we  can  expect  the  width  of  the  core  to 
be  approximately  equal  to  the  width  of  the  zone 
of  maximum  concentration  of  temperature  on 
the  500-nib  .surface. 

Relation  of  the  Jet 
to  the  Polar  Front 

Since  the  Jetstream  is  located  above  the  polar 
front  at  500  millibars,  we  could  expect  the  core 
of  high  speeds  to  be  almost  directly  overhead  at 
a  station  where  the  frontal  intersection  is  found 
close  to  the  500-nib  level  at  that  station.  If  the 
frontal  intersection  is  found  below  500  millibars 
over  a  station,  the  core  of  high  speeds  will  be 
north  of  the  station.  When  the  frontal  inter- 
section is  found  above  500  millibars  above  the 
station,  the  core  of  high  speeds  are  found  south 
of  that  station. 

While  a  thermal  concentration  is  usually  quite 
apparent  at  levels  up  to  and  including  the 
350-mb  level,  there  is  one  important  exception, 
the  Arctic  front.  Out  to  the  shallowness  of  the 
air  masses  involved,  this  particular  frontal  dis- 
continuity is  not  often  apparent  on  the  500-mb 
surface. 

Distribution  of  the  Wind 
Field  through  the  Jetstream 

The  wind  field  corn  prising  a  jetstreani  is  so 
distributed  that  a  cro.ss  .scclion  taken  normal  to 
the  windfiow  reveals  i  system  of  annular  speed 
lines  (i.sotaclis).  (Sec  fig.  4-20.)  In  a  well- 
orgamxed  jetstreani    there  is  a  nonuniform 


spacing  of  these  isotaclis  around  the  core  such 
that  a  concentration  is  greatest  through  the 
frontal  area  and  above  the  core, 

W'lih  the  exception  of  the  shear  through  the 
frontal  /.one.  the  shear  above  the  jet  core  (in 
close  proximity  to  the  Iropopause)  is  much 
greater  than  the  shear  below  the  jet  core, 

VERTICAL  SHIIAR.-Within  the  boundaries 
of  the  jetstreani  are  found  the  strongest  vertical 
wind  .shears  observed  in  the  belt  of  the  wester- 
lies. In  vertical  cross  .sections,  the  isotachs  north 
and  .south  of  the  core  are  very  close  to  being 
vertical,  indicating  little  variation  of  wind  speed 
with  height  in  the.se  areas.  In  general,  the  highest 
values  of  vertical  wind  shear  are  encountered 
above  the  500-nib  level.  In  summer  and  some- 
times in  winter,  the  strongest  vertical  wind 
shears  may  be  located  above  300  millibars  and 
become  negligible  near  500  millibars.  Thus  at 
500  millibars,  winds  at  this  level  may  not  give  an 
indication  of  winds  at  high  elevations. 

H0R5Z0NTAL  SHEAR. -Vertical  cross  sec- 
tions of  the  jetstreani  also  indicate  hoiizontal 
wind  shear.  There  is  a  rapid  decrease  on  either 
side  of  the  jet  core.  In  extreme  cases,  as  much  as 
100  knots  in  100  miles  on  the  north  side  and 
100  knots  in  300  miles  on  the  south  side  of  the 
core  will  occur.  The  greatest  cyclonic  and 
anticyclonic  shears  are  located  at  the  level  of 
maximum  winds.  Cyclonic  shear  is  found  pole- 
ward of  the  jet  axis;  anticyclonic  shear,  equator- 
ward. 

The  jetstreani  follows  the  configuration  con- 
tours on  upper  level  charts.  In  view  of  the 
variation  of  the  level  of  the  jetstream  with 
latitudes  (low  at  high  and  high  at  low  latitudes) 
and  its  known  tendency  to  shift  to  higher 
elevations  in  the  warmer  season  of  the  year,  the 
300-nib  chart  is  considered  suitable  for  locating 
the  jet  at  high  latitudes  in  winter  and  the 
200-mb  chart  for  middle  latitudes.  This  is  due  to 
the  fact  the  polar  jetstream  core  is  usually 
located  between  300-  and  200-mb  levels.  A 
higher  chart  is  used  for  locating  the  subtropical 
jetstream  as  it  is  u.sually  located  somewhere 
between  the  200-  and  100-nib  level,  and  is  often 
near  the  150-mb  level. 

Since  the  jetstream  varies  with  elevation  along 
the  line  of  fiow,  it  does  not  always  appear  as  a 
continuous  flow  on  a  constant  pressure  chart. 
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General  Remarks  About  the  Jetstream 

Jetstreams  undergo  a  distinct  life  cycle  con- 
sisting of  a  period  of  organization  and  one  of 
disorganization.  Their  horizontal  structure,  as  it 
appears  on  upper  level  charts,  depends  on  the 
phase  of  this  hfe  cycle.  When  the  jet  is  well 
organized,  the  longitudinal  axis  follows  the 
pattern  of  long  waves,  and  its  ampHtude  is 
comparable  to  that  of  the  300-mb  contours.  A 
lack  of  uniformity  of  wind  speed  along  the  axis 
is  very  evident:  there  are  intervals  where  the 
winds  are  comparatively  weak.  This  creates  a 
rather  sharp  wind  wind  gradient  along  the 
longitudinal  axis,  for  the  difference  between 
wind  speeds  at  maximum  and  minimum  points 
may  amount  to  over  100  knots. 

During  disorganized  periods,  the  well-defined 
concentration  of  speeds  is  missing,  and  these 
west  winds  either  break  up  in  circular  How.  or 
show  fairly  uniform  speeds  throughout  the  mid 
latitudes.  It  is  during  this  period  that  numerous 
splits  or  JET  FINGERS  appear.  These  fingers  are 
ail  comparatively  weak  and  sometimes  separated 
by  as  little  as  5°  latitude. 

Centers  of  higli  and  low  wind  speed  alternate 
along  the  axis  of  a  well-developed  jetstream.  The 
maximum  speeds  in  these  centers  may  reach  well 
over  250  knots.  The  distance  between  successive 
maximums  is  not  constant,  but  varies  from 
about  10°  to  25°  longitude.  Variations  of  height 
of  these  maximums  also  exist  along  the  axis. 
These  maximums  are  associated  with  short  wave 
troughs  in  the  westeriies  and  move  with  a  speed 
proportional  to  the  700-mb  flow. 

Multiple  Jets 

The  concentration  of  west  wind  in  the  middle 
and  upper  troposphere  does  not  occur  along  a 
single  axis.  On  almost  any  day  maps  reveal  the 
presence  of  at  least  two  bands  of  speed  concen- 
tration. Occasionally  three  or  four  distinct  bands 
are  in  evidence  for  short  periods.  The  individual 
jet  bands  tend  to  lie  parallel  to  the  upper 
contours,  but  appreciable  departures  from  this 
alinement  are  often  observed,  especially  east  of 
the  trough.  The  different  jets  are  not  of  equal 
intensity.  The  most  intense  is  usually  the  mid- 
latitude  jet  and  is  associated  with  the  zone  of 
greatest  temperature  gradient  in  the  low  tropo- 


sphere and  mid-troposhpere.  These  jets  axes 
then,  have  a  tendency  to  attain  their  maximum 
strength  in  midlatitudes.  Individual  jet  axes 
often  show  a  net  equatorward  shift  of  about 
one-half  degree  of  latitude  per  day.  New  axes 
form  in  high  latitudes  as  the  older  ones  move 
out.  The  equatorward  migration  is  usually 
accompanied  by  a  rise  of  the  core  to  higher 
elevations.  Although  the  separate  jet  bands 
usually  retain  their  identity  around  the  hemi- 
sphere, they  occasionally  combine  into  one  or 
more  regions.  Conversely,  a  single  well-defined 
jet  is  often  observed  to  split  into  two  or  more 
branches.  In  this  case,  the  northern  branch  often 
shows  a  temporary  northward  trend.  This  split  is 
associated  with  blocks. 


Relation  of  Jetstream 
to  the  Tropopause 

Since  the  level  of  reversal  of  the  temperature 
field  often  coincides  with  the  tropopause,  at- 
tempts have  been  made  to  locate  the  level  of 
strongest  winds  from  tropopause  analysis.  This 
has  proved  a  difficult  undertaking.  The  tropo- 
pause often  lies  above  the  level  of  maximum 
wind  and  is  therefore  not  a  perfect  indicator  for 
the  maximum  wind  core.  Besides,  tropopause 
analysis  is  very  complicated  because  a  single  and 
simple  tropopause  is  rarely  observed  iijt  middle 
latitudes.  More  often,  the  tropopause  is  ill 
defined  or  there  is  a  multiple  structure,  and 
many  assumptions  and  definitions  of  an  arbi- 
trary character  are  necessary  in  drawing  tropo- 
pause analyses. 

One  method  of  associating  the  jetstream  with 
the  tropopause  has  received  rather  wide  accept- 
ance, but  it  is  not  completely  representative  of 
all  cases  for  the  reasons  stated  above.  The 
jetstream  is  assumed  to  be  associated  with  a 
break  in  the  tropopause.  North  of  the  jet  the 
tropopause  is  low,  and  south  of  the  jet  the 
tropopause  is  high.  If  the  tropopause  is  contin- 
uous through  the  jet,  it  has  a  veiy  sleep  slope  in 
the  region  of  maximum  wind.  Oftentimes,  the 
two  tropopauses  overiap  with  the  jet  located 
between  them.  The  midlatitude  or  polar  front 
jet  is  associated  with  the  break  between  the 
subarctic  and  midlatitude  tropopauses  (30°  to 
50°  N  lat.).  A  second  jet,  the  subtropical  jet,  is 
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frequeiitK  associated  wdh  .i  hreak  hetwecMi  the 
midlatilude  and  subtropical  tropopauses  (25°  to 
30^  Nlat.). 

Associated  Clouds  and  Weather 

Statistical  and  observational  studies  of  cloud 
patterns  associated  with  the  Jetstream  re\eal  that 
most  of  the  time  there  are  no  clouds  at  or  above 
the  level  of  the  Jetstream  core.  In  these  studies, 
however,  cinus  generally  reached  to  within 
several  thousand  feet  of  the  tropopause  on  the 
equatorward  side  of  the  axis  and  no  clouds  were 
observed  above  the  tropopause  there. 

In  one  studv.  clouds  were  most  frequent  m 
the  upper  troposphere  with  the  center  of  cloudi- 
ness 10.000  to  15.000  feet  below  the  core  and 
from  4^  to  5°  poleward  of  the  core.  Also,  it  was 
revealed  that  another  center  of  cloudiness 
existed  at  about  the  same  distance  equatorward 
at  about  5.000  to  10.000  feet  below  the  level  of 
strongest  wind.  On  man>  occasions  the  crew 
members  of  research  aircraft  engaged  in  a  study 
of  cloud  patterns  associated  with  the  Jetstream 
reported  a  sharp  discontinuitv  in  the  cirrus  near 
the  core  with  cloudless  skies  to  the  immediate 
north.  Tiie  obseners  also  reported  that  in  cases 
where  the  cirrus  extended  to  the  north  of  the 
core  there  is  often  a  narrow  break  in  the  cirrus 
at  the  core  itself.  The  thickness  of  the  cirrui, 
averaged  about  500  feet,  but  individual  layers 
ranged  from  a  hundred  to  several  thousand  feet 
in  depth. 

There  are  generally  recognized  to  be  four 
cloud  patterns  associated  with  the  Jetstream. 
They  are  as  follows: 

1 .  Lines  of  cirrus  in  bands  (H4,  5,  and  6). 

2.  Patches  of  cirro cumulus  (H9)  or  altocumu- 
lus castellanus  (M8). 

3.  Lenticular  clouds  in  waves  (M4  or  M7X 

4.  Waves  of  altocumulus  (M3  or  M5). 

At  least  three  of  the  four  patterns  must  be 
present  for  a  jetstream  to  be  Justified,  and  they 
must  present  a  pattern.  These  cloud  patterns 
often  extend  from  the  horizon  to  the  horizon, 
and  have  waves  at  right  angles  to  the  airllow. 
From  the  ground,  they  are  observed  to  move  at 
high  speeds  (except  the  lenticular  type),  often 
resulting  in  rapid  local  changes  in  cloud  cover 


over  a  short  period  of  time.  They  show  streaks 
in  the  direction  of  the  wind  arid  occur  in 
coherent  patterns.  The  use  of  the  cloud  method 
in  identifying  or  detecting  the  presence  of  the 
Jetstream  is  restricted  to  periods  when  lower 
clouds  do  not  obscure  the  sky  and  when  enough 
moisture  is  present  in  the  Jetstream  to  permit 
cloud  formation.  These  cloud  patterns  can  be 
attributed  to  the  convergence  occurring  down- 
stream from  the  Jet  maximums  and  to  the  lifting 
created  by  the  undulatory  motion  in  the  areas  of 
wind  shear  along  the  Jet  axis. 

In  view  of  the  wide  variety  of  Jetstream 
structures  which  occur,  precipitation  occasion- 
ally will  be  encountered  in  almost  any  position 
with  respect  to  the  high  speed  center. 

But  as  with  cloud  tbrniations,  the  occurrence 
of  precipitation  associated  with  the  Jetstream  is 
controlled  primarily  by  the  distribution  of  wind 
shear  and  curvature  along  the  Jetstream. 

Several  studies  have  been  made  relating  pre- 
cipitation to  the  Jetstream.  In  all.  there  is  general 
agreement  that  the  highest  incidence  of  pre- 
cipitation almost  straddles  the  Jet  axis,  with  a 
slight  bias  toward  the  poL  .ard  side.  However, 
in  one  of  these  studies  it  was  found  that 
precipitation  occurred  only  50  percent  of  the 
time  near  the  axis,  and  that  large  portions  of  the 
core  were  without  precipitation. 

Climatology  of  the  Jetstream 

From  day  to  day  the  Jetstream  can  move  in  a 
direction  at  right  angles  to  its  axis,  with  a  speed 
of  approximately  10  knots.  This  motion  can  be 
either  toward  the  polar  air  or  toward  the 
tropical  air. 

The  mean  position  of  the  Jetstream  shifts 
south  in  the  winter  and  noith  in  the  summer, 
with  the  seasonal  migration  of  the  polar  front. 
The  average  latitude  of  the  Jetstream  in  the 
Northern  Hemisphere  in  summer  is  42°  N  lat;  in 
winter  it  is  25°  N  lat.  Additionally,  there  is  a 
climatological  variation  in  longitude,  especially 
in  winter.  Higli  wind  speed  concentrations  are 
found  near  the  east  coasts  of  continents  and 
lower  wind  speed  concentrations  are  found  on 
the  west  coasts  of  continents.  The  rule  is  that 
speed  concentrations  increase  as  the  westerlies 
pass  over  the  continental  anticyclonic  circula- 
tions and  weaken  as  they  pass  over  the  oceans. 
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Figure  4>21.— Mean  seasonal  Jetstream  distribution.  \A)  January. 


See  figure  4-2 1  (A)  and  (B)  for  the  mean 
seasonal  positions  of  the  Jetstream  during  Jan- 
uary and  July. 

Latitudinal  fluctuations  of  the  Jetstream  are 
greatest  on  the  west  coast  of  continents. 

Relation  of  the  Jetstream 
to  Fronts  and  Cyclones 

Jetstreams  pass  over  thousands  of  miles  of 
subtropical  desert  areas  where  there  is  little  or 
no  cloudiness  and  where  the  surface  circulation 
is  anticyclonic.  They  also  lie  above  the  strongest 
cyclones  in  the  westerlies  with  extensive  sheets 
of  clouds  and  precipitation  extending  along  the 
axis.  Thus,  the  mere  existence  of  a  Jetstream  in 
any  area,  even  a  very  strong  one,  does  not  of 
itself  imply  bad  weather  there.  The  converse, 
however,  holds  to  a  much  better  degree  of 
approximation,  especially  in  winter;  cyclones 


and  extensive  bad  weather  areas  tend  to  be 
connected  with  Jetstreams.  This  is  especially  true 
for  weather  associated  with  a  warm  front  in  the 
formative  and  mature  stages  of  a  cyclone. 

We  have  stated  previously  that  the  midlati- 
tude  Jet  usually  lies  directly  above  the  polar 
front  at  500  millibars.  Using  an  average  frontal 
slope  and  an  average  height  of  the  500-mb 
surface  (18,280  ft),  you  can  place  the  Jetstream 
some  300  miles  behind  the  surface  cold  front 
and  around  600  miles  in  advance  of  a  warm  or 
stationary  front.  However,  in  estimating  the 
location  of  a  front  at  500  millibars  In  mountain- 
ous areas,  the  heiglit  of  terrain  must  be  con- 
sidered. For  example,  if  the  height  of  the  land  is 
10,000  feet,  the  Jetstream  should  be  placed  only 
about  300  nautical  miles  in  advance  of  the 
surface  warm  front. 

A  strong  surface  front  does  not  guarantee  a 
Jetstream  aloft,  as  a  strong  temperature  contrast 
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throughout  a  deep  layer  is  required.  In  some 
cases,  a  wedge  of  cold  air  behind  a  front  will  be 
overrun  by  a  warm  southwesterly  current,  pro- 
ducing extensive  cloudniess  and  continuous  pre- 
cipitation. This  should  be  taken  as  definite 
evidence  that  the  cold  wedge  is  shallow.  The 
Jetstream  behind  such  a  front  will  be  displaced 
well  to  the  north,  usually  about  600  miles. 

If  there  is  enough  moisture  to  produce  typical 
cloud  patterns  with  fronts,  the  location  of  the 
front  at  500  millibars  may  be  estimated  as  being 
near  the  transition  from  high  to  middle  clouds. 
The  Jetstream  will  usually  lie  directly  above  this 
transition  zone. 

The  relationship  of  the  Jetstream  to  surface 
lows  and  fronts  is  given  in  the  following  section. 

1.  The  Jetstream  will  be  perpendicular  to  an 
occlusion  and  to  cold  fronts  oriented  north- 
south  with  no  associated  waim  front. 


2.  The  Jetstream  will  remain  north  of  an 
unoccluded  wave  cyclone. 

3.  The  Jetstream  will  be  south  (near  the  point 
of  occlusion)  of  the  low  associated  with  an 
occluded  front. 

4.  In  a  series  of  lows  of  a  cyclone  family  each 
low  will  be  associated  with  a  Jetstream  maxi- 
mum. (Sec  Hg.  4-22.) 

The  two  preferred  positions  of  a  low  center 
with  respect  to  a  moving  Jetstream  maximum  are 
given  in  figure  4-22.  As  the  wave  cyclone  in  the 
right  rear  quadrant  (looking  downstream) 
deepens,  the  associated  tightening  oi  the  thermal 
wind  (and  contour)  gradient  produces  a  new 
wind  maximum.  Further  deepening  and  occlu- 
sion displace  this  maximum  south  of  the  low 
placing  the  low  in  the  left  front  quadrant  of  the 
jet  maximum. 
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Figure  4-22.— U^ual  position  of  surface  lows  in 
relation  to  moving  jet  maximums. 

5  Although  not  every  jetstrcani  maximum 
will  have  an  associated  sea  level  low,  each  low 
embedded  in  the  westerlies  will  be  associated 
with  a  jet  maximum.  Lows  embedded  in  the 
westerlies  are  those  migratory  lows  that  are 
under  influence  of  the  basic  westerly  tlow. 

6.  The  Jetstream  aloft  should  parallel  the 
direction  of  the  warm  sector  isobars  of  a  surface 
low,  since  these  isobars  are  alined  along  the 
upper  level  flow. 

7.  The  Jetstream  aloft  will  roughly  parallel 
the  isobars  around  the  southern  periphery  of  a 
cold  (slow  moving)  surface  low. 

8.  The  Jetstream  will  roughly  parallel  the 
isobars  along  the  northern  periphery  of  warm 
(slow  moving)  surface  high, 

9.  When  a  cold,  moving,  polarhigh  stagnates 
aiid  begins  to  warm  up,  it  can  alter  quite 
markedly  the  Jetstream  configuration  to  its  rear. 
As  the  thermal  contrast  in  the  southwest 
quadrant  is  destroyed  and  warm  air  advected 
northward,  the  original  Jetstream  dissipates  and 
a  new  Jet  forms  to  the  north.  This  is  explained 
by  the  fact  that  the  low  or  trough  alott 
associated  with  the  surface  cold  high  dissipates 
and  the  whole  system  becomes  a  warm  cored 
high. 

In  summary,  the  polar  front  Jetstream  is 
associated  with  surface  fronts  and  pressure 
systems  in  a  very  simple  way.  The  Jetstream 
wave  associated  with  the  surface  low  increases  in 


amplitude  as  the  cyclone  deepens.  At  first  the 
Jetstream  lies  north  of  a  young  cyclone  at  the 
surface,  moves  southward,  and  in  the  latter 
stages  of  development  is  found  south  of  these 
deep  surface  cyclones.  At  first,  the  Jetstream 
does  not  intersect  the  frontal  system,  but  the  Jet 
does  cross  the  occluded  front  iu  the  latter  stages 
of  cyclone  development. 

Subtropical  Jetstream 

Subtropical  Jet  streams  (STJ)  are  persistent 
features  of  the  tropical  general  circulation.  In 
the  northern  hemisphere  during  winter,  the  STJ 
shows  a  simple  broadscale  current  which  is 
continuous  around  the  world  with  a  basic 
three-wave  pattern  of  ridges  and  maximum  wind 
speeds  over  the  east  coasts  of  Asia  and  North 
America,  and  the  Middle  East.  The  mean  lati- 
tude is  27. S""  N,  ranging  from  20''  to  SS""  N.  The 
core  is  located  near  the  200  nib  level,  and  speeds 
of  150  to  200  knots  are  not  uncommon. 

In  tire  northern  hemisphere  during  summer, 
the  westerly  jet  is  not  in  evidence,  instead,  the 
tropical  easterly  Jet  (TEJ)  is  a  persistent  feature 
over  extreme  southern  Asia  and  northern  Africa. 
It  extends  over  the  layer  from  200  to  100  mb  in 
the  latitude  belt  of  5°  to  20^  N,  core  speeds  over 
!00  knots  are  often  observed. 

In  the  southern  hemisphere,  a  subtropical  Jet 
stream  exists  in  both  summer  and  winter  as  a 
broadscale  continuous  westerly  current.  Its 
mean  latitude  varies  from  26^  S  in  winter  to  32^ 
S  in  summer.  The  highest  average  core  speeds 
range  from  140  knots  in  July  to  70  knots  in 
January-February.  The  greatest  variability  in 
location  and  speed  occur  in  sunnner  and  the 
least  in  winter. 


Polar  Night  Jetstream 

The  polar  night  Jetstream  has  been  suspected 
for  a  number  of  years,  but  because  of  the  lack  of 
observational  data  in  the  Arctic  and  Antarctic 
regions,  the  actual  existence  of  such  a  Jetstream 
has  been  difficult  to  confirm.  Chapter  VI,  titled 
'The  Polar  Night  Jet  Stream*'  from  NavWeps 
50-IP-549,  Jet  Streams  of  the  Atmosphere, 
summarizes  the  data  available  on  this  Jetstream 
to  date. 
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The  potiir  night  jetstreiiin  is  s»ik1  to  be  located 
high  in  the  stratosphere  in  and  around  the  Arctic 
and  Antarctic  Circles,  This  Jetstream  does  not 
appear  to  be  associated  with  tropopauses  as  with 
the  jetstreanis  of  the  middle  and  lower  latitudes, 
but  rather  with  heating  and  cooHng  in  the 
ozonosphere,  which  takes  place  over  the  long 
winters  and  summer  pecuHar  to  that  region. 
Nevertheless,  this  Jetstream  core  is  associated 
with  one  of  the  features  of  the  other Jetstreams 
in  that  this  core  is  situated  at  an  altitude  where 
the  stability  of  the  atmosphere  increases  discon- 
tinuously  upward.  The  principal  research  and 
study  on  this  stream  has  been  for  winter. 

CONVERGENCE  AND  DIVERGENCE 

You  are,  no  doubt,  famihar  with  the  two 
terms  ^'convergence"  and  '^divergence,  '  as  they 
have  come  to  your  attention  when  used  in 
relation  to  surface  lows  and  highs.  In  this 
section,  the  terms  are  redefined,  and  the 
motions  involved  in  convergence  and  divergence, 
and  the  relationship  of  these  processes  to  other 
meteorological  processes  are  covered. 

CONVERGENCE  AND  DIVERGENCE 
(SIMPLE  MOTIONS) 

Convergence 

Convergence  is  defined  as  the  increase  of  mass 
within  a  given  layer  of  the  atmosphere.  In  order 
for  this  to  take  place,  the  winds  must  be  such  as 
to  re.sult  in  a  net  inflow  of  air  into  that  layer.  We 
generally  associate  this  type  of  convergence  with 
low-pressure  areas  where  convergence  of  winds 
toward  the  center  of  the  low  results  in  an 
increase  of  mass  into  the  low  and  an  upward 
motion.  In  meteorology,  we  distinguish  between 
two  types  of  convergence  as  either  horizontal 
or  vertical  convergence,  depending  upon  the 
axis  of  the  flow. 

Divergence 

Divergence  is  defined  as  the  decrease  of  mass 
within  a  given  layer  of  the  atmosphere.  Winds  in 
this  situation  are  such  that  there  is  a  net  flow  of 
air  outward  from  the  layer.  We  associate  this 
type  of  divergence  with  high-pressure  cells, 


where  the  flow  of  air  is  directed  outward  from 
the  center,  causing  a  downward  motion  there. 
Divergence,  too,  is  classified  as  either  horizontal 
or  vertical. 

The  simplest  form  of  convergence  and  diver- 
gence is  the  type  that  results  from  wind  direc- 
tion alone.  Two  flows  of  air  need  not  be 
opposing  each  other  to  create  convergence  or 
divergence  but  may  be  at  any  angle  to  each 
other  to  create  a  net  infiow  of  air  for  conver- 
gence or  a  net  outflow  for  divergence. 

Wind  speed  in  relation  to  the  wind  direction  is 
also  a  valuable  indicator.  For  example,  on  a 
streamline  analysis  chart  we  can  analyze  both 
wind  direction  and  wind  speed,  the  field  result- 
ing from  variations  in  wind  speed  along  the 
streamlines  or  the  convergence  or  divergence  of 
the  streamlines.  The  following  are  some  of  the 
combinations  or  variations  of  wind  speed  and 
streamlines. 

1.  In  a  field  of  parallel  streamlines,  if  the 
wind  speed  is  decreasing  downstream  (producing 
a  net  infiow  of  air  for  this  layer)  convergence  is 
taking  place.  If  the  fiow  is  increasing  down- 
stream (a  net  outflow  of  air  for  the  layer), 
divergence  is  occuning. 

2.  In  an  area  of  uniform  wind  speed  along  the 
streamlines,  if  the  .streamlines  fan  out  (diverge), 
divergence  is  occurring;  if  the  streamlines  con- 
verge, we  can  say  that  convergence  is  taking 
place. 

3.  Normally,  the  convergence  and  divergence 
components  are  combined.  The  fact  that  stream- 
lines converge  or  diverge  does  not  necessarily 
indicate  convergence  or  divergence.  We  must 
also  consider  the  wind  speeds-whether  they  are 
increasing  or  decreasing  downstream  in  relation 
to  whether  the  streamlines  are  spreading  out  or 
coming  together. 

4.  If,  when  looking  downstream  on  the 
streamlines,  the  wind  speed  increases  and  the 
streamlines  diverge,  divergence  is  taking  place. 
On  the  other  hand,  if  the  wind  speed  decreases 
downstream,  and  the  streamlines  come  together, 
convergence  is  taking  place. 

There  are  other  cases  where  it  is  difficult  to 
tell  whether  divergence  or  convergence  is  taking 
place,  such  as  when  the  speed  of  the  wind 
decreases    downstream    and    the  streamlines 
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sprend  apart,  and  when  speed  increases  down- 
stream and  the  streamlines  converge.  A  special 
evakiation  then  mast  he  made  to  dctermmc  the 
net  inflow  or  outflow. 

DIVERGENCE  AND  CONVERGENCE 
(COMPLEX  MOTIONS) 

In  this  discussion  stress  is  placed  on  lii^h-k\cl 
convergence  and  di\.ergence  in  relation  to  con- 
tour patterns  downstream,  and  the  ad\ccti\c 
patterns  associated  therewith.  Low  tropospheric 
advection  (and  also  stratospheric  advection) 
certainly  plays  a  large  role  in  pressure  change 
mechanisms,  but  in  the  majority  of  cases  it  is 
thought  to  compensate  the  higher  level  mass 
changes  produced  by  the  unbalanced  forces 
associated  with  the  inertia  of  parcels  of  air  aloft. 

Since  the  term  ^'divergence"  is  meani  to 
denote  depletion  of  mass,  while  convergence  is 
meant  to  denote  accumulation  of  mass,  the 
prognostic  analyst  is  concerned  with  the  MASS 
divergence  or  convergence  in  estimating  pressure 
or  height  changes.  Mass  divergence  in  the  entire 
column  of  air  produces  piessure  or  lieight  falls, 
while  convergence  in  the  entire  column  of  air 
produces  pressure  oi  height  rises  at  the  base  of 
the  column. 

Mass  divergence  and  convergence  involve  the 
density  field  as  well  as  the  velocity  field. 
However,  the  mass  divergence  and  convergence 
of  the  atmosphere  are  believed  to  be  largely 
stratified  into  two  layers  as  follows. 

1.  Below  about  600  millibais.  velocity  diver- 
gence and  convergence  oceur  chiefly  in  the 
friction  layer,  which  is  about  one  eighth  of  the 
weight  of  the  1,000-  to  600-mb  advection 
stratum,  and  may  be  disregarded  in  comparison 
with  density  transport  in  estimating  the  con- 
tribution to  the  pressure  change  by  the  advec- 
tion stratum. 

2.  Above  600  millibars,  nia.ss  divergence  and 
convergence  largely  result  from  horizontal  tliver- 
gence  and  convergence  of  velocity.  However,  on 
occasion,  stratospheric  advection  of  density  may 
be  a  modifying  factor. 

The  stratum  below  about  ii;e  400-mb  level 
may  be  regarded  as  the  ADVLCTION  stratum, 
above  approximately    the  400'mb  level,  the 


SIGNIFICANT  horizontal  DIVLRGLNCL  or 
CONVr.RGLNCL  stratum.  Also  the  advection 
stratum  may  be  thought  of  as  the  zone  m  which 
compensation  of  the  dynamic  efYects  of  the 
upper  stratum  occurs. 

At  about  8  km  the  den.sity  is  nearly  constant 
in  time  and  space.  This  level,  which  is  near  the 
350-mb  pressure  surface,  is  called  the  ISO- 
PYCNIC  LLVLL.  a  level  of  constant  density. 
This  level  is  the  location  of  the  upper  tropo- 
splieric  maximum  of  inierdiurnal  pres.sure  varia- 
tion, with  nia.ss  variations  of  opposite  sign  above 
and  below  (his  level. 

Since  the  density  at  200  millibars  is  only 
four-sevenths  the  density  at  the  isopyenic  level, 
the  height  change  at  200  millibars  would  be 
almost  twice  that  a  350  millibars  for  the  same 
pressure  change  at  corresponding  geometric 
levels.  Thus  heiglit  changes  in  the  lower  strato- 
sphere tend  to  be  a  maximum  even  though 
pre.s.sure  changes  are  a  maximum  at  the  iso- 
pyenic level  which  is  u.sually  below  the  niidlati- 
tude  tropopause. 

The  large  pressure  variations  at  the  i.sopycnic 
level  require  TLMPERATURE  variations  for 
constancy  of  density.  Since  the  density  is  nearly 
constant  in  space  at  this  level,  the  required 
temperature  variations  must  result  from  vertical 
motions.  When  the  pressures  are  rising  at  this 
level,  tlic  temperature  must  al.so  rise  to  keep  the 
den.sity  constant.  A  temperature  ri.se  can  be 
produced  by  descending  motion.  Similarly  fall- 
ing pressures  at  this  level  require  falling  tempera- 
tures to  keep  the  density  constant.  Falling 
temperatures  in  the  ab.sence  of  advection  can  be 
produced  by  ascent  through  this  level. 

Thus,  rising  heights  at  the  pre.s.sure  level  of 
constant  density  are  associated  with  .subsidence 
and  falling  heights  of  this  .surface  are  a.ssociated 
with  upwelling. 

Subsidence  at  350  millibars  can  result  from 
horizontal  CONVERGENCE  abo^e  this  level  and 
upwelling  here  would  result  lioni  horizontal 
DIVERGENCE  above  this  level. 

Since  rising  heights  in  the  upper  troposphere 
are  also  known  to  be  a.ssociated  with  rising  of  the 
tropopause  and  lower  stratosphere,  die  maxi- 
mum horizontal  convergence  must  occur 
between  the  constant  density  level  and  the 
average  level  of  the  tropopause  (about  250 
nnllibars).  This  is  due  to  the  reversal  of  sign  of 
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the  vertical  motion  between  the  tiopopause  and 
the  Ksopycnic  level.  Thus,  the  level  of  maximum 
horizontal  velocity  convergence  must  be 
between  300  millibars  and  200  millibars  and  is 
the  causative  mechanism  for  pressure  or  height 
rises  in  the  upper  air.  Similarly,  upper  height 
falls  are  produced  by  horizontal  velocity  diver- 
gence with  a  maximum  at  the  same  level.  The 
maxunum  divergence  occurs  near  or  slightly 
above  the  tropopause  and  closer  to  200  millibars 
than  ic  300  millibars,  ll  is  probably  more 
realistic  therefore  to  define  a  LAYliR  of  maxi- 
nium  divergence  and  convergence  as  occurring 
between  the  300-  and  200-mb  pressure  surfaces. 
This  is  also  the  layer  in  which  the  core  of  the 
jetstream  is  usually  located.  At  this  level  the 
cumulative  effects  ol  the  mean  temperature  field 
of  the  troposphere  produce  the  sharpest  hori- 
zontal contrasts  in  the  wind  field. 

The  chart  best  suited  for  determination  of 
convergence  and  divergence  is  the  300-mb  chart. 
Because  of  the  sparsity  of  reports  at  the  300-mb 
level,  il  is  frequently  advantageous  to  determine 
tlic  presence  of  convergence  and  divergence  at 
the  500-mb  level.  These  charts  will  ordinarily 
yield  good  results. 

The  usual  distribution  of  divergence  and 
convergence  relative  to  moving  pressure  systems 
is  believed  to  be  as  follows:  (Also  see  ch.  1  I.) 

1.  In  advance  of  the  low,  convergence  occurs 
at  low  levels  and  divergence  occurs  aloft,  with 
the  level  of  nondivergence  at  about  600  millibars 
on  the  average. 

2.  In  the  rear  of  the  low.  there  is  usually 
convergence  aloft  and  divergence  near  the 
surface. 

The  low-level  convergence  ahead  of  the  low 
occurs  usually  in  the  stratum  of  strongest  warm 
advection,  and  the  low-level  divergence  in  the 
rear  of  the  low  occurs  in  the  stratum  of 
strongest  cold  advection.  The  low-level  diver- 
gence occurs  principally  in  the  friction  layer, 
and  it  is  thought  to  be  of  minor  importance  in 
modifying  estimates  of  thickness  advection  com- 
pared with  heating  and  cooling  from  the  under- 
lying ,surfaces. 

In  advance  of  the  low.  the  air  rises  in  response 
to  the  low-level  convergence  with  the  maximum 
a,scending  motion  at  the  level  of  nondivergence 


eventually  becoming  zero  at  the  level  of  maxi- 
mum horizontal  divergence.  Above  this  level, 
descending  motion  is  believ^nl  to  set  in.  In  the 
rear  of  the  low  the  reveise  is  true:  that  is, 
descending  motion  in  the  surface  divergent 
•stratum  and  ascending  motion  in  the  upper 
troposphere  above  the  level  of  maximum  hori- 
zontal convergence.  In  deepening  systems  the 
convergence  aloft  in  the  rear  of  the  low  is  small 
or  may  even  be  negative  (divergence).  In  filling 
systems  the  divergence  aloft  in  advance  of  the 
low  is  small  or  even  negative  (convergence). 

Thus,  in  the  travel  and  development  of  highs 
and  low,s,  two  vertical  circulations  are  involved, 
one  below  and  one  above  the  300-nib  level 
approximately.  The  LOWUR  VliRTlCAL  CIR- 
CULATION is  upward  in  the  cyclone,  thence 
toward  the  anticyclone,  and  then  downward  in 
the  anticyclone.  The  UPPliR  VERTICAL  CIR- 
CULATION involves  subsidence  in  the  strato- 
,sphere  of  the  developing  cyclone  and  ascent  in 
the  upper  troposphere  and  lower  stratosphere  of 
the  developing  anticyclone.  (See  fig.  4-23.) 

Divergence  and  upper-height  falls  are  a,s,so- 
ciated  with  high-speed  winds  approaching  weak 
contour  gradients  which  arc  cyclonically  curved. 
Figure  4-24  illustrates  schematically  some  con- 
tour patterns  associated  with  contour  falls. 

Convergence  and  upper-height  rises  are  asso- 
ciated with: 

1.  Low-speed  winds  approaching  straight  or 
cyclonically  curved  strong  contour  gradients, 

2.  Higli-speed  winds  approaching  anticy- 
clonically  curved  weak  contour  gradients. 

Figure  4-25  illustrates  schematically  the  con- 
tour patterns  associated  with  each  of  these  cases 
of  contour  rises.  The  height  rises  and  falls  occur 
dow.  stream  and  to  the  left  of  the  flow. 

The  technique  for  determining  the  areas  of 
divenjence  consists  in  noting  the  areas  where 
winds  of  high  speed  are  approaching  weaker 
pressure  gradients  of  straiglit  or  cyclonic  curva- 
ture downstream.  When  inertia  carries  a  high- 
speed parcel  of  air  into  a  region  of  weak  pressure 
gradient,  it  passcsses  a  Coriolis  for :e  too  large  to 
be  balanced  by  the  weaker  pressure  gradient 
force.  It  is  thus  deflected  to  the  right  by  the 
resultant  unbalanced  force  to  the  riglit.  This 
resulls  in  a  deficit  of  m;iss  to  the  left  due  to  the 
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Figure  4-23.— Generalized  vertical  ci 
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Figure  4-24.-Divergence  illustrated. 


failure  of  incoming  parcels  to  compensate  the 
longitudinal  deficit  of  mass  by  the  parcels 
leaving  the  particular  area.  The  parcels  which  are 
deflected  to  the  riglit  must  penetrate  high 
pressure  and  are  thus  slowed  down  until  they  are 
in  balance  with  the  weaker  pressure  gradient. 
Then  they  can  be  steered  along  the  existing 
isobaric  or  contour  channels. 

If  the  weak  gradients  downstream  are  cycloni- 
cally  curved,  the  divergence  resulting  from  the 


AG.434 

rculation  over  developing  highs  and  lows. 


inllux  of  high-speed  wind  is  even  more  marked 
due  to  the  additional  effect  of  centrifugal  forces 
(on  the  other  hand,  the  effect  of  centrifugal 
forces  of  anticyclonically  curving  high-speed 
parcels  is  of  extreme  importance  in  producing 
overshooting  of  high-speed  air  from  sharply 
curved  ridges  into  adjacent  troughs  causing 
pressure  rises  in  the  west  side  of  the  troughs.) 

If  the  inllux  of  high-speed  parcels  toward 
diverging  cyclonically  curved  contours  is  sus- 
tained, large  contour  falls  will  occur  downstream 
to  tlie  left  of  the  inertial  path  of  the  strong 
winds.  Eventually  a  strong  pressure  gradient  is 
propagated  downstream  to  the  right  of  the 
high-speed  winds,  chietly  by  pressure  faIl^  to  the 
left  of  the  direction  of  hig.  ^peed  winds  in  the 
cyclonically  curved  contours  with  weak  pressure 
gradient.  Usually  the  dcHection  of  air  toward 
higher  pressure  is  so  slight  that  it  is  hardly 
obsen'able  in  individual  wind  observations.  How- 
ever, when  the  pressure  Held  is  very  flat  to  the 
right  of  the  incoming  lugh-specd  stream,  notice- 
able angles  between  the  wind  and  contours  may 
be  observed,  especially  at  lower  levels,  due  to 
transport  of  momentum  downward  as  a  result  of 
subsidence,  where  the  gradients  are  even  weaker. 
This  occurs  sometimes  to  such  an  extent  that 
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Figure  4-25.— Convergence  illustrated. 

the  streamlines  are  considerably  more  curved 
anticyclonically  than  the  contours.  In  rare  cases 
this  results  in  anticyclonic  circulation  centers 
out  of  phase  with  the  high-pressure  center.  This 
is,  of  course  a  transitory  condition  necessitating 
a  migration  of  the  pressure  center  toward  the 
circulation  center,  and  this  is  of  prognostic 
value.  In  cases  where  the  high-pressure  center 
and  anticyclonic  streamline  center  are  out  of 
phase,  the  pressure  center  will  migrate  toward 
the  circulation  center  (which  is  usually  a  center 
of  mass  convergence). 


It  is  more  usual,  however,  for  the  wind 
component  toward  higli  pressure  to  be  very 
slight,  and  unless  the  winds  and  contours  are 
drawn  with  great  precision,  the  deviation  goes 
unnoticed. 

High-speed  winds  approaching  sharply  cur'ed 
ridges  result  in  large  height  rises  downstream 
from  the  ridge  due  to  OVERSHOOTING  of  the 
highspeed  air.  As  is  well  known  from  the 
gradient  wind  equation,  for  a  given  pressure 
gradient  there  is  a  limiting  curvature  to  the 
trajectory  of  a  parcel  of  air  moving  at  a  given 
speed.   Frequently  on   the  upper  air  charts, 
sharply  curved  stationary  ridges  are  observed 
with  winds  of  high  speed  approaching  the  ridge. 
The  existence  of  a  sharply  curved  extensive  ridge 
usually  means  a  well-developed  trough  not  far 
downstream,  and  frequently  a  cold  or  cutoff  low 
exists  in  this  trough.  The  higli-speed  parcels 
approaching  the  ridge,  because  of  centrifugal 
forces,  are  unable  to  make  the  sharp  turn 
necessary  to  follow  the  contours.  These  parcels 
overshoot  the  ridge  anticyclonically,  but  with 
less  curvature  than  the  contours,  resulting  in 
their  plunging  across  contours  toward  low  pres- 
sure downstream  from  the  ridge,  and  their 
accelerating.  This  may  result  in  any  one  of  a 
number  of  consequences  for  the  trough  down- 
stream, depending  on  the  initial  configuration  of 
the  ridge  and  trougli,  but  all  are  based  on  the 
convergence  of  mass  into  the  trough  as  a  result 
of  overshooting  of  air  from  the  ridge.  Four  of 
the  most  frequent  consequences  may  be  enumer- 
ated as  follows: 

1.  Filling  of  the  portion  of  the  trough  down- 
stream from  the  ridge.  This  happens  if  the 
contour  gradient  is  strong  on  the  east  side  of  the 
trough:  that  is,  a  blocking  ridge  to  the  east  of 
the  trough. 

2.  Accelerating  the  cutoff  low  out  of  its 
stationary  position.  This  usually  occurs  in  all 
cases. 

3.  Radically  reorienting  the  trough.  This 
usually  happens  where  the  trough  is  initially 
NE-SW,  resulting  in  a  N-S  and  in  some  cases  a 
NW-SB  orientation  after  sufficient  time  (36 
hours). 

4.  It  may  actually  cut  off  a  low  in  the  lower 
end  of  the  trough.  This  usually  happens  when 
the  high-speed  winds  approaching  the  ridge  are 
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southwesterly  and  approach  the  ridge  at  a 
comparatively  high  latitude  relative  to  the 
trough.  This  frequently  reorients  the  trough  line 
towards  a  more  NE-SW  direction.  Usually,  the 
reorientation  of  the  trough  occurs  simul- 
taneously with  1  and  2. 

Closely  related  to  the  above  situation  are 
cases  of  sharply  curved  ridges  where  the  pressure 
gradient  in  the  sharply  curved  portion  (usually 
the  northern  portions  of  a  north-south  ridge)  has 
momentarily  built  up  to  a  strength  that  is 
incompatible  with  the  anticyclonic  curvature. 
Such  ridges  often  collapse  with  great  rapidity 
subsequent  to  the  development  of  such  excessive 
gradients,  causing  rapid  filling  of  the  adjacent 
trough  downstream  and  large  upper  contour  falls 
where  the  ridge  now  exists.  The  gradient  wind 
relation  implies  that  subsequent  trajectories  of 
the  high-speed  parcels  generated  in  the  strong 
ridge  line  gradient  must  be  less  anticyclonically 
curved  than  the  contours  in  the  ridge. 

It  can  be  shown  from  the  gradient  wind 
equation  that  the  anticyclonic  curvature  in- 
creases as  the  difference  between  the  actual 
wind  and  the  geostrophic  wind  increases,  until 
the  actual  wind  is  twice  the  geostrophic,  when 
the  trajectory  curvature  is  a  maximum.  This  fact 
can  be  utilized  in  determining  the  trajectory  of 
high-speed  parcels  approaching  sharply  curved 
stationary  ridges,  or  sharply  curved  stationary 
ridges  in  which  the  contour  gradient  is  excessive. 
By  measuring  the  geostrophic  wind  in  the  ridge, 
the  maximum  trajectory  curvature  can  be  ob- 
tained from  the  gradient  wind  scale.  This  trajec- 
tory curve  is  the  one  which  an  air  parcel  at  the 
origin  point  of  the  scale  will  follow  until  it 
intersects  the  correction  curve  from  the  geo- 
strophic speed  to  the  displacement  curve  of 
twice  the  geostrophic  speed. 

If  actual  wind  speed  observations  are  available 
for  parcels  approaching  the  ridge,  comparison 
can  be  made  with  the  geostrophic  winds  (pres- 
sure gradient)  in  the  ridge.  If  the  actual  speeds 
are  more  than  twice  the  measured  geostrophic 
wind  in  the  ridge,  the  anticyclonic  curvature  of 
these  high-speed  parcels  will  be  less  than  the 
MAXIMUM  TRAJECTORY  curvature  obtained 
from  the  gradient  wind  scale,  and  even  greater 
overshooting  of  these  high-speed  parcels  will 
occur  across  lower  contours.  Convergence  in  the 


west  side  of  the  downstream  trough  results  in 
lifting  of  the  tropopause  with  dynamic  cooling, 
and  upper-level  contour  rises. 

Low-speed  parcels  of  air  from  a  weak  pressure 
gradient  which  enter  an  area  of  stronger  gradient 
become  subject  to  an  unbalanced  gradient  force 
toward  the  left  due  to  the  weaker  Coriolis  force. 
These  sub-gradient  winds  are  deflected  toward 
lower  pressure,  crossing  contours  and  producing 
contour  rises  in  the  area  of  cross-contour  flow. 
This  cross-contour  How  accelerates  the  air  until 
it  is  moving  fast  enough  to  be  balanced  by  the 
stronger  pressure  gradient.  Due  to  the  accelera- 
tion of  the  slower  oncoming  parcels  of  air,  the 
contour  rises  propagate  much  faster  than  might 
be  expected  on  the  basis  of  the  slow  speed  of 
the  air  as  it  initially  enters  the  stronger  pressure 
gradient. 

The  following  two  rules  summarize  the  above 
discussion; 

1.  High-speed  winds  approaching  low-speed 
winds  with  weak  cyclonically  curved  contour 
gradients  are  indicative  of  divergence  and  upper- 
height  falls  downstream  and  to  the  left  of  the 
current. 

2.  Low-speed  winds  approaching  high-speed 
winds  with  strong  cyclonically  curved  contour 
gradients  or  high-speed  winds  approaching  low- 
speed  winds  with  weak  anticyclonically  curved 
contour  gradients  are  indicative  of  convergence 
and  upper  heiglit  rises  downstream  and  to  the 
left  and  right  of  the  current,  respectively. 

IMPORTANCE  OF  CONVERGENCE 
AND  DIVERGENCE 

Convergence  and  divergence  have  a  pro- 
nounced effect  upon  the  weather  occurring  in 
the  atmosphere.  Vertical  motion,  either  upward 
or  downward,  is  recognized  as  an  important 
parameter  in  the  atmosphere.  For  instance, 
extensive  regions  of  precipitation  associated 
with  extratropical  cyclones  are  regions  of  large- 
scale  upward  motion  of  air  through  most  of  the 
troposphere.  Similariy,  the  neariy  cloud-free 
regions  in  large  anticyclones  are  regions  in  which 
air  is  subsiding  through  a  large  portion  of  the 
troposphere.  Vertical  motions  also  affect  tem- 
perature, humidity,  and  other  meteorological 
variables  either  on  a  small  scale  (locally)  or  on  a 
large  scale  as  pointed  out  above. 
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Changes  in  Stability 

When  convergence  or  divergence  occurs, 
whether  on  a  large  or  small  scale,  it  can  have  a 
very  pronounced  etYect  on  the  stability  of  the 
air.  For  example,  when  convection  is  induced  by 
convergence,  air  is  forced  to  rise  without  the 
addition  of  heat.  If  this  air  is  unsaturated,  it 
cools  first  at  the  dry  adiabatic  rate;  or  if 
saturated,  at  the  moist  rate.  The  end  result  is 
that  the  air  is  cooled,  which  will  increase  the 
instability  of  that  air  column  by  increasing  the 
lapse  rate.  Clouds  and  weather  often  result  from 
this  process. 

Conversely  if  air  subsides,  and  this  process  is 
produced  by  convergence  or  divergence,  the  air 
sinking  will  heat  at  the  dry  adiabatic  lapse  rate. 
The  warming  at  the  top  of  an  air  column  will 
increase  the  stability  of  that  air  column  by 
reducing  the  lapse  rate.  Such  warming  often 
dissipates  existing  clouds  or  prevents  the  forma- 
tion of  new  clouds.  When  sufficient  warming 
due  to  the  downward  motion  takes  place,  a 
subsidence  inversion  is  produced. 

Effect  on  Weather 

The  full  aspects  of  the  relationship  of  vertical 
motion  to  weather  are  explored  in  Vertical 
Motion  and  Weather,  NWRF  30-0359-024.  The 
most  improtant  application  of  vertical  motion  is 
the  prediction  of  rainfall  probability  and  rainfall 
amount.  In  addition,  vertical  moiton  affects 
practically  all  meteorological  properties,  such  as 
temperature,  humidity,  wind  distribution,  and 
particularly  stability.  In  the  following  section 
the  distribution  of  large-scale  and  small-scale 
vertical  motions  are  considered. 

Since  cold  air  has  a  tendency  to  sink,  sub- 
sidence is  likely  to  be  found  to  the  west  of 
upper  tropospheric  troughs,  and  rising  air  to  the 
east  of  the  troughs.  Thus,  there  is  a  good 
relation  between  upper  air  meridional  flow  and 
vertical  flow. 

In  the  neighborhood  of  a  straight  Northern 
Hemisphere  Jetstream,  convergence  is  found  to 
the  north  of  the  stream  behind  centers  of 
maximum  speed  as  well  as  to  the  south  and 


ahead  of  such  centers.  Divergence  exists  in  the 
other  two  quadrants.  Below  the  regions  of 
divergence  the  air  rises;  below  those  of  con- 
vergence there  is  subsidence. 

These  general  rules  of  thumb  are  not  perfect, 
and  only  yield  a  very  crude  idea  about  distribu- 
tion of  vertical  motion  in  the  horizontal.  Par- 
ticularly over  land  in  summer,  there  exists  little 
relation  between  large-scale  weather  patterns 
and  vertical  motion.  Rather,  vertical  motion  is 
influenced  by  local  features  and  shows  strong 
diurnal  vi^riations,  the  phase  which  may  be  quite 
different  in  different  regions.  Large-scale  vertical 
motion  is  of  small  magnitude  at  the  ground 
(zero  if  the  ground  is  flat).  Above  the  ground,  it 
increase  in  absolute  magnitude  to  at  least  500 
millibars  and  decreases  in  the  neighborhood  of 
the  tropopause.  Reversals  in  sign  in  a  vertical 
column  are  rare  in  the  troposphere,  but  are 
likely  to  occur  in  the  stratosphere.  There  have 
been  several  studies  of  the  relation  between 
frontal  precipitation  and  large-scale  vertical  ve- 
locities, computed  by  various  techniques.  In  all 
cases,  the  probability  of  precipitation  is  con- 
siderably higher  in  the  6  hours  following  an 
updraft  than  following  subsidence.  Clear  skies 
are  most  likely  with  downdrafts.  On  the  other 
hand,  it  is  not  obvious  that  large-scale  vertical 
motion  is  related  to  showers  and  thunderstorms 
caused  during  the  daytime  by  heating.  However, 
squall  lines,  which  are  formed  along  lines  of 
horizontal  convergence  show  that  large-scale 
vertical  motion  may  also  play  an  important  part 
in  convective  precipitation. 

Vertical  velocity  charts  are  currently  being 
transmitted  over  the  facsimile  network  by  the 
National  Meteorological  Center  and  are  com- 
puted by  Numerical  Weather  Prediction 
methods.  The  charts  have  plus  signs  indicating 
upward  motion  and  minus  signs  indicating 
downward  motion.  The  figures  indicate  vertical 
velocity  in  centimeters  per  second  (cm/sec). 
With  the  larger  values  of  upward  motions  (plus 
values)  the  likelihood  of  clouds  and  precipita- 
tion increases.  However,  an  evaluation  of  the 
moisture  and  vertical  velocity  should  be  made  to 
get  optimum  results.  Obviously,  upward  motion 
in  dry  air  is  not  as  likely  to  produce  precipita- 
tion as  upward  motion  in  moist  air. 
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ROTATIONAL  MOTION  AS  IT 
AFFECTS  THE  ATMOSPHERE 

Many  foa^casters  and  meteorologists  started 
their  careers  years  ago  when  the  main  concern 
was  with  small  areas  and  short-time  intervals. 
The  geographical  extension  of  observations, 
especially  those  of  the  upper  air.  and  the  study 
of  these  observations  by  dynamic  meteorologists 
have  proved  (although  it  had  long  been  sus- 
pected) that  the  cyclone  or  anticyclone  is  not 
independent  of  developments  in  other  parts  of 
the  hemisphere:  rather  it  constitutes  a  cogwheel 
in  a  larger  mechanism.  The  relationship  of  the 
cyclone  to  the  larger-scale  flow  patterns  nuist 
therefore  be  a  parr  of  the  daily  forecast  routine 
if  progress  is  to  be  made  in  forecasting  the 
motions  of  cyclones  and  associated  upper  wind 
fields. 

One  of  ihe  studies  that  has  gained  prommence 
in  recent  years  has  been  that  of  vorticity. 
Unfortunately  many  forecasters  have  a  tendency 
to  shy  away  from  the  subject  of  vorticity.  as 
they  consider  it  too  deep  a  subject  to  be 
mastered.  This  means  they  are  neglecting  an 
important  forecasting  tool.  The  principles  of 
vorticity  are  no  more  complicated  than  most  of 
the  principles  of  physics,  and  can  be  understood 
just  as  easily.  During  the  last  few  years  vorticity 
has  become  a  prominent  tool  in  meteorology, 
especially  in  the  field  of  Numerical  Weather 
Prediction.  For  this  purpose,  we  will  consider  m 
this  section  of  the  chapter  the  meaning  of 
vorticity.  its  evaluation,  and  its  relationship  to 
other  meteorological  parameters. 

VORTICITY 

Vorticity  measures  the  rotation  of  very  small 
air  parcels.  A  parcel  has  vorticity  when  the 
parcel  spins  as  it  moves  along  its  path.  On  the 
other  hand,  a  parcel  which  does  not  spin  is  said 
to  have  zero  vorticity.  The  axis  of  spinning  or 
rotation  can  extend  in  any  direction,  but  for  our 
purposes,  we  are  mainly  concerned  with  the 
rotational  motion  about  an  axis  that  is  perpen- 
dicular to  the  surface  of  the  earth.  For  example, 
we  could  drop  a  chip  of  wood  into  a  creek  and 
v/atch  its  progress.  The  chip  will  move  down- 
stream with  the  flow  of  water  but  it  may  or  may 
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not  spin  as  it  moves  downstream.  If  it  does  spin, 
the  chip  has  vorticity.  When  we  try  to  isolate  the 
cause  of  the  spin,  we  find  that  two  properties  of 
the  flow  of  water  cause  the  chip  to  spin:  (I)  If 
the  now  of  water  is  moving  faster  on  one  side  of 
the  chip  than  the  other,  this  is  shear  of  the 
current;  (2)  if  the  creek  bed  curves,  the  path  has 
curvature.  Vorticity  always  applies  to  extremely 
small  air  parcels;  thus,  a  point  on  one  of  our 
upper  air  charts  may  represent  such  a  parcel.  We 
can  examine  this  point  and  say  that  the  parcel 
does  or  does  not  have  vorticity.  However,  for 
this  discussion,  larger  parcels  will  have  to  be 
used    to   more   easily   visualize    the  effects. 
Actually,  a  parcel  in  the  atmosphere  has  three 
rotational  motions  at  the  same  time:  (I)  Rota- 
tion of  the  parcel  about  its  own  axis  (shear).  (2) 
rotation  of  the  parcel  about  the  axis  o*'  a 
pressure  system  (curvature),  and  (3)  rotation  of 
the  parcel  due  to  the  atmospheric  rotation.  The 
sum  of  the  first  two  components  is  known  as 
relative  vorticity.  and  the  sum  total  of  all  three 
is  known  as  absolute  vorticity. 

Relative  Vorticity 

Relative  vorticity  is  the  sum  of  the  rotation  of 
the  parcel  about  Uie  axis  of  the  pressure  system 
(curvature)  and  the  rotation  of  the  parcel  about 
its  own  axis  (shear).  The  vorticity  of  a  hori- 
zontal current  can  be  broken  down  into  two 
components,  one  due  to  curvature  of  the  stream- 
lines and  the  other  due  to  shear  in  the  current. 

SHEAR.  First.  let  us  examine  tl>e  shear 
effect  by  looking  at  ,small  air  parcels  in  an  upper 
air  pattern  of  straight  contours.  Here  the  wind 
shear  results  in  each  of  the  three  parcels  having 
different  rotations.  (See  fig.  4-26.) 


2  +  1 
2  +  2 



2+3 
2t4-. 

DIRECTION  OF  WIND 

AG.437 

Figure  4'26.-lllustration  of  vorticity  due 
to  the  shear  effect. 
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1.  Parcel  No,  1  has  stronger  wind  speeds  to 
its  right.  As  the  parcel  moves  along,  it  will  be 
rotated  in  a  counterclockwise  direction. 

2.  Parcel  No,  2  has  the  stronger  speed  to  its 
left;  therefore,  it  will  rotate  in  a  clockwise 
direction  as  it  moves  along. 

3.  Parcel  No,  3  has  speeds  evenly  distributed. 
This  parcel  has  equal  speeds  at  opposite  ends  of 
the  diameter.  It  will  move,  but  it  will  not  rotate. 
It  is  said  to  have  zero  vorticity. 


Therefore,  to  briefly  review  the  effect  of 
shear-a  parcel  of  the  atmosphere  has  vorticity 
(rotation)  when  the  wind  speed  is  stronger  on 
one  side  of  the  parcel  than  on  the  other. 

Now  let's  define  positive  and  negative  vortic- 
ity in  terms  of  clockwise  and  counterclockwise 
rotation  of  a  parcel.  The  vorticity  is  positive 
when  the  parcel  has  a  counterclockwise  rotation 
and  the  vorticity  is  negative  when  the  parcel  has 
clockwise  rotation  (anticyclonic.  Northern 
Hemisphere). 

Thus,  in  figure  4-26,  parcel  No.  1  has  positive 
vorticity,  and  parcel  No.  2  has  negative  vorticity. 

CURVATURE.-Vorticity  can  also  result 
from  curvature  of  the  airflow  or  path.  In  the 
case  of  the  wood  chip  flowing  with  the  stream, 
the  chip  will  spin  or  rotate  as  it  moves  along  if 
the  creek  curves. 

To  demonstrate  the  effect  of  curvature,  let  us 
consider  a  pattern  of  contours  having  curvature 
but  no  shear.  (See  fig.  4-27.) 
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Figure  4-27.-lllu$tration  of  vorticity  due 
to  curvature  effect. 


Place  a  small  parcel  at  the  trough  and  ridge 
lines  and  observe  the  way  in  which  the  flow  will 
spin  the  parcel,  causing  vorticity.  The  diameter 
of  the  parcel  will  be  rotated  from  the  solid  line 
to  the  dotted  posirion  (due  to  the  northerly  and 
southeriy  components  of  the  flow  on  either  side 
of  the  trough  and  ridge  lines). 

Note  that  we  have  counterclockwise  rotation 
at  the  trough  (positive  vorticity),  and  at  the 
ridge  line  we  have  clockwise  rotation  (negative 
vorticity).  At  the  point  where  there  is  no 
curvature  (inflection  point),  there  is  no  turning 
of  the  parcel,  hence  no  vorticity.  This  is  demon- 
strated at  point  P  in  figure  4-27). 

COMBINED  EFFECTS,-To  find  the  relative 
vorticity  of  a  given  parcel  we  must  consider  both 
the  shear  and  curvature  effects.  It  is  quite 
possible  to  have  two  effects  counteract  each 
other;  that  is,  where  shear  indicates  positive 
vorticity  but  curvature  indicates  negative  vortic- 
ity, or  vice  versa.  (See  fig.  4-28.) 
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Figure  4-28.-lllu$tration  of  shear  effect  opposing  the 
curvature  effect  in  producing  vorticity.  (A)  Negative 
shear  and  positive  curvature;  (B)  positive  shear  and 
negative  curvature. 

To  find  the  net  result  of  the  two  effects  we 
would  measure  the  value  of  each  and  add  them 
algebraically.  The  measurement  of  vorticity  will 
be  discussed  in  the  next  section. 

It  must  be  emphasized  here  that  relative 
vorticity  is  observed  instantaneously.  It  is  not 
necessary  for  a  parcel  to  rotate  a  large  amount 
to  have  vorticity.  In  summary,  relative  vorticity 
in  the  atmosphere  is  defined  as  the  instan- 
taneous rotation  of  very  small  particles.  The 
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rotation  results  l'\om  wind  shear  and  ciM*vature. 
\Vc  refer  to  this  vorticity  as  being  relative, 
because  all  the  motion  illustrated  was  relative  to 
the  surface  of  the  earth  with  latitude  and 
longitude  lines  used  as  reference  points. 

MliASURliMHNT  OF  RI:LATIVl£  VOR- 
TICITY. The  various  mathematical  expressions 
for  vorticity  are  merely  "shorthand"  ways  of 
siiying  that  vorticity  may  be  determined  by 
shear  and  curvature.  One  common  expression 
for  relative  vorticity  is: 


Zr  =  ^  -  ^ 


An 


where: 


Zr  indicates  vorticity  of  the  wind  field  at  a 
constant  level  or  constant  pressure  surface 
(the  so-called  vertical  component  of  vor- 
ticity). This  is  expressed  in  radians/sec. 

v  is  the  wind  speed,  in  terms  of  knots  or 
meters/second,  and  represents  the  speed 
of  movement  of  the  air  parcel. 

R  is  the  radius  of  the  windllow.  R  is  positive 
for  cyclonic  curvature  and  negative  for 
anticyclonic  cumture. 

Av  lepresents  the  change  in  speed  of  the 
airflow  along  a  line  perpendicular  to  the 
contours. 


An  is  the  direction  along  which  we  measure 
the  shear  vorticity  and  represents  the 
distance  between  the  two  points  for  which 
V  was  determined. 

^  To  illustrate  how  this  equation  is  evaluated  to 
find  geost/ophic  vorticity,  a  sample  contour 
field  having  both  shear  and  curvature  is  pre- 
sented in  figure  4-29. 

To  find  the  vorticity  at  P,  proceed  in  exactly 
the  same  manner  regardless  of  where  P  is  located 
in  the  pattern.  It  must  be  noted,  however,  that 
R  is  positive  for  cyclonic  curvature  and  negative 
for  anticyclonic  curvature,  and  the  An  is  per- 
pendicular to  die  How  and  measured  from  high 
to  low  contours,  or  from  left  to  right  when 
looking  downstream. 

In  the  example,  llgure  4-29,  R  may  be 
determined  from  a  template.  The  geostrophic 
wind  at  P  gives  the  value  of  v.  These  two  values 
give  the  curvature  vorticity,  v/R.  If  5  is  500,000 
meters  and  v  is  50  meters/sec,  the 


JiL  _.    50  m/sec  1 
R     500,000  m      10,000  sec 

To  investigate  the  shear  term 


=  10-**  sec-^ 


Av 
An 


Vo  -  V, 

An 
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igure  4-29.-Evaluation  of  vorticity  using  the  vorticity  equation. 
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at  point  P,  we  measure  the  wind  speed  at  points 
Vj  and  V2,  and  An. 

V2  =  20  m/sec 
Vj  =70  m/sec 
An  =  50,000  m 

Therefore, 

Av  ^      ^2  "  vi    ^      20-70  m/sec 
"An  ^  ^       An         '      50,000  m 

-  1 

10,000  sec 

Thus,  the  sum  of  the  shear  and  curvature 
vorticities  for  the  selected  point  P  is. 

7   =  V      Av  ^         1  1 

r  "  An      10,000  sec      1 0,000  sec 

=  rrrr^  or  2  X  10^^  sec"* 

10,000  sec 

Vorticity  is  usually  expressed  as  radians/sec. 
Radians  are  used  to  measure  angles  in  the  same 
manner  as  degrees.  Whereas  a  circle  has  360°,  it 
has  6.28  radians;  so  a  radian  is  equal  to  about 
57°.  These  units,  radians/sec,  demonstrate  the 
idea  of  vorticity  as  an  instantaneous  rotational 
speed,  so  that  for  radians/sec  we  merely  write 
1/sec  or  sec"^  There  are  numerous  other  ways 
that  vorticity  can  be  measured.  This  is  only  one 
example. 

In  summary,  we  must  keep  in  mind  that 
cyclonic  vorticity  is  positive  and  anticyclonie 
vorticity  is  negative.  Therefore,  when  vorticity  is 
said  to  inciease,  it  is  becoming  more  cyclonic 
and  less  anticyclonie.  When  it  decreases,  the 
converse  is  true. 

Absolute  Vorticity 

When  the  relative  vorticity  of  a  parcel  of  air  is 
observed  by  a  person  completely  removed  from 
the  earth,  he  observes  an  additional  component 
of  vorticity  created  by  the  rotation  of  the  earth. 
Thus,  this  person  sees  the  total  or  ab,solute 
vorticity  of  the  same  parcel  of  air. 


The  total  vorticity,  that  is,  relative  vorticity 
(Zr)  plus  that  due  to  the  earth's  rotation,  is 
known  as  the  ABSOLUTE  VORTICITY.  As  was 
stated  before,  for  practical  use  in  meteorology, 
only  the  vorticity  about  an  axis  perpendicular  to 
the  surface  of  the  earth  is  considered.  In  this 
case,  the  vorticity  due  to  the  earth's  rotation 
becomes  equal  to  the  CORIOLIS  PARAMETER. 
This  is  expressed  as  2a;  sin  0,  where  a;  is  the 
angular  velocity  of  the  earth  and  0  is  the 
latitude.  Therefore,  the  absolute  vorticity  is 
equal  to  the  Coriolis  parameter  plus  the  relative 
vorticity.  Writing  this  in  equation  forms  gives: 
(Za  =  absolute  vorticity) 

Za  =  2  a;  sin  0  +  Zr 

Current  and  prognostic  charts  of  absolute 
vorticity  are  currently  prepared  by  Numerical 
Weather  Prediction  methods  and  transmitted  by 
the  National  Meteorological  Center  on  the  fac- 
simile network. 

CONSTANT  ABSOLUTE  VORTICITY 
TRAJECTORIES  (CAVT) 

It  has  been  proved  mathematically  (under 
some  rigid  assumptions)  that  parcels  moving  in 
the  atmosphere  conserve  their  absolute  vorticity 
as  they  move  from  place  to  place;  that  is,  the 
value  of  Za  does  not  change.  The  most  impor- 
tant of  the  assumptions  is  that  no  convergence 
or  divergence  occurs.  Actual  observations  under 
conditions  of  no  convergence  or  divergence  bear 
out  this  theory. 

Absolute  vorticity  remaining  constant,  the 
motion  of  a  parcel  of  air  as  it  moves  from 
latitude  to  latitude  in  the  Northern  Hemisphere 
will  describe  a  definite  pattern  called  Constant 
Absolute  Vorticity  Trajectories  (CAVT's).  Let 
us  now  consider  the  movement  of  some  of  these 
air  parcels. 

Coriolis  Parameter 

As  a  parcel  moves  from  south  to  north,  the 
latitude  increases;  there  the  CORIOLIS  PARAM- 
ETER increases.  If  the  value  of  2  co  sin  0 
increases,  the  value  of  Zr  must  decrease  in  order 
that  the  sum  remains  the  same.  If  Zr  decreases, 
it  becomes  les,s  cyclonic  or,  in  other  words,  more 


ERLC 


109 

115 


AEROGRAPHER'S  MATE  1  &  C 


anticyclonic.  This  being  the  case,  the  parcel  of 
air  would  move  in  a  path  which  becomes  less 
and  less  cyclonic  with  increasing  latitude,  and 
eventually  becomes  anticyclonic.  Then  the  anti- 
cyclonic  curvature  increases  until  the  parcel  is 
moving  from  west  to  east.  Continuing  to  move 
in  an  anticyclonic  path,  the  parcel  begins  to  turn 
back  toward  the  south.  (See  fig.  4-30.) 
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Figure  4-30.-Coriotis  parameter  increasing. 

As  a  parcel  moves  from  north  to  south,  ihe 
latitude  decreases,  and  hence  the  Coriolis  param- 
eter decreases.  If  the  value  of  2  co  sin  0 
decreases,  the  value  of  Zr  must  increase  in  order 
that  their  sum  remain  the  same.  If  Zr  increases, 
it  becomes  more  cyclonic  or  less  anticyclonic.  In 
other  words,  the  parcel  of  air  would  move  in  a 
path  which  becomes  less  and  less  anticyclonic, 
and  eventually  becomes  cyclonic.  Then  the 
cyclonic  curvature  increases  up  to  a  critical 
latitude  where  the  parcel  will  move  from  west  to 
east  and  begin  to  turn  back  toward  the  north. 
(See  fig.  4-31.) 
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Figure  4-31. -Coriolis  parameter  decreasing. 


With  these  forces  and  no  others  acting  on  the 
parcel,  it  is  evident  that  the  parcel  would 
describe  a  sinusoidal  path  as  it  moves  through 
space.  This  is  illustrated  in  figure  4-32. 


The  points  A,  B,  C,  and  D,  where  the 
curvature  changes  from  cyclonic  to  anticyclonic, 
or  vice  versa,  are  known  as  inflection  points. 
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Figure  4-32. -Sinusoidal  vorticity  path. 

Amplitude  and  Length 

The  amplitude  and  length  of  the  waves 
depend  upon  the  initial  speed  and  direction  of 
the  parcel  and  its  initial  latitude.  This  fact  is 
fundamental  in  determining  constant  vorticity 
trajectories.  If  the  speed  and  direction  of  a 
parcel  can  be  determined  at  the  inflection  point 
and  the  latitude  of  the  inflection  point  is 
known,  the  future  path  of  the  parcel  can  be 
determined.  When  the  inflection  angle  (the  angle 
at  the  inflection  point  between  the  latitude 
circle  and  the  direction  of  motion  of  the  parcel) 
is  small,  the  waves  tend  to  be  flat  and  elongated. 
Both  the  amplitude  and  the  wavelength  increase 
with  an  increase  in  speed.  For  values  of  the 
inflection  angle  greater  than  90"",  but  less  than 
130°,  from  east,  the  path  becomes  a  figure  eight 

In  figure  4-33  the  parcel  of  air  starts  out  at 
39""  N  lat.  with  a  speed  of  25  knots,  with  an 
inflection  angle  of  +90"".  (Heading:  due  north.) 

The  Coriolis  parameter  increases,  and  relative 
vorticity  (Zr)  decreases  in  order  that  2  co  sin  0  + 
Zr  =  Za.  The  parcel  begins  to  turn  slowly 
anticyclonically  until  it  reaches  its  critical  lati- 
tude. The  ciritical  latitude  of  a  parcel  of  air  with 
a  certain  speed  and  inflection  angle,  starting 
from  a  certain  latitude,  is  that  latitude  at  which 
it  has  reached  maximum  amplitude  in  its  sinus- 
oidal wave  pattern,  and  must  now,  due  to  the 
forces  acting  upon  it,  reverse  its  direction  of 
travel.  All  parcels  with  different  initial  inflection 
angles,  speed,  and  latitude  have  their  own 
critical  latitude,  that  latitude  being  dependent 
upon  all  three  factors:  The  inflection  angle, 
speed,  and  latitude  of  the  parcel.  The  parcel  of 
air  in  figure  4-35  reached  its  critical  latitude  at 
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SAMPLE  C  AV  TRAJECTORY.  {STROKES  AND  NUMERALS  ALONG  THE 
PATHS  MARK  POSITIONS  AND  DATES  FOR  24- HOUR  INTERVALS  FROM  THE 
STARTING  POINT  ON  THE  2300  EST  MAP  OF  THE  INITIAL  DATE.) 

AG.444 

Figure  4-33.-SampIe  CAV  trajectory. 


50"*  N.  We  see  the  parcel  heading  eastward,  and 
in  so  doing,  the  Coriolis  parameter  decreases,  the 
relative  vorticity  increases,  and  the  parcel  then 
heads  southward  in  an  ever  lessening  anticy- 
clonic  path  until  the  path  is  straight.  Inasmuch 
as  the  Coriolis  parameter  is  still  decreasing, 
relative  vorticity  is  still  increasing,  and  the  parcel 
begins  to  travel  in  a  cyclonic  path.  When  the 
parcel  was  in  straightline  flow  at  39^  N  lat.  it 
was  midway  between  a  cyclonic  and  anticy- 


clonic  curvature.  This  point  is  referred  to  as  an 
inflection  point  and  will  later  be  an  important 
factor  in  forecasting  upper  air  long-wave  move- 
ments. 

The  parcel  continues  its  southward  move- 
ment, increasing  its  relative  vorticity  because  the 
Coriolis  parameter  is  decreasing.  At  28°  N  lat., 
the  parcel  has  again  reached  its  critical  latitude. 
The  Coriolis  parameter  now  begins  to  increase 
again  and  the  parcel  flows  northward  in  a  path 
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that  is  becoming  less  and  less  cyclonic,  until, 
once  again,  at  39""  N  lat.,  it  has  reached  its 
inflection  point,  having  been  displaced  in  this 
process  over  2,000  miles  to  the  east.  Without 
other  considerations  entering  the  picture,  this 
process  would  then  repeat  itself  interminably. 

In  the  above  discussion,  it  was  assumed  that 
no  horizontal  convergence  occurs.  However, 
parcels  depart  from  the  CAV  trajectories  in 
regions  of  horizontal  convergence  and  diver- 
gence. If  a  column  of  air,  as  shown  in  figure  4-34 
of  height  D  is  considered  and  it  is  assumed  that 
no  change  in  the  volumn  occurs,  it  is  found  that 
the  height  increase  with  horizontal  convergence 
and  decreases  with  horizontal  divergence. 
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Figure  4-34.-HeiQht  changes  with  horizontal 
convergence  and  divergence. 


VOR'nClTY  THEOREM 

It  can  be  shown  mathematically  that  relative 
vorticity  is  related  to  horizontal  divergence  and 
convergence  in  the  following  manner: 

2  O)  sin  0  +  Zr  ^  ,  , 
 g   =  Constant 


This  is  known  as  the  VORTICITY  THEOREM 
and  shows  that  the  sum  of  the  Coriolis  param- 
eter and  the  relative  vorticity  of  the  parcel 
divided  by  the  height  of  the  column  must  equal 
a  constant  value.  This  means  that  if  one  of  the 
values  changes,  one  or  both  of  the  others  must 
change  so  that  the  quotient  will  remain  the 
same. 

How  does  the  vorticity  theorem  explain  the 
motion  of  a  parcel  of  air  as  the  parcel  undergoes 
horizontal  divergence  or  convergence  and  as  it 
moves  from  latitude  to  latitude? 


Latitude 

If  the  vorticity  theorem  is  used,  the  parcel's 
relative  vorticity  must  decrease  if  the  latitude 
remains  unchanged  and  horizontal  divergence 
takes  place.  This  is  because  D  decreases  with 
horizontal  divergence;  therefore,  Zr  must 
decrease  in  order  that  2  o;  sin  0  plus  Zr/D  will 
equal  the  same  value  as  Zr  did  before  the 
decrease  in  D.  When  Zr  decreases,  it  becomes 
less  cyclonic  or  more  anticyclonic,  and  the 
parcel  moves  in  a  more  anticyclonic  path  than  it 
would  if  no  divergence  occurs. 

If  the  latitude  remains  unchanged  and  hori- 
zontal convergence  takes  place,  the.  parcel's 
relative  vorticity  must  increase.  This  is  because 
D  increases  v/ith  horizontal  convergence;  there- 
fore, Zr  must  increase  in  order  that  the  con- 
ditions of  the  vorticity  theorem  may  be  satis- 
fied. When  Zr  increases,  it  becomes  more 
cyclonic  or  less  anticyclonic,  and  the  parcel 
moves  in  a  more  cyclonic  path  than  it  would  if 
no  convergence  occurs. 

Southward  Movement 

If  a  parcel  moves  southward,  there  is  a 
decrease  in  2  co  sin  0,  which  requires  that  Zr 
increase  if  D  remains  the  same,  in  order  that  2  O) 
sin  0  plus  Zr/D  remain  constant.  However,  if 
horizontal  divergence  is  taking  place,  D  is 
becoming  less,  so  that  with  horizontal  diver- 
gence and  southward  motion,  the  denominator 
and  r»ne  term  in  the  numerator  of  the  vorticity 
theorem  are  decreasing.  Consequently,  the 
decrease  of  these  two  values  muut  be  such  that  2 
O)  sin  0  plus  Zr/D  remains  constant,  or  there 
must  be  a  compensating  decrease  in  Zr,  The 
latter  is  the  normal  case  since,  as  explained  in 
the  previous  two  paragraphs,  it  has  been  shown 
that  Zr  and  D  increase  or  decicase  together  at  a 
given  latitude.  This  fact  also  eHminates  the  case 
where  there  might  be  such  a  large  decrease  in  2 
CO  sin  0  and  such  a  sniaM  decrease  in  D  that  Zr 
must  increase.  A  decrease  in  the  relative  vor- 
ticity of  the  parcel  results  in  its  moving  more 
anticyclonically.  In  this  case,  the  parcel  would 
follow  the  dashed  Hne  as  shown  in  figure  4-35 
rather  than  the  solid  line  (assuming  that  the 
divergence  is  taking  place  in  the  vicinity  of  the 
point  of  inflection).  The  soHd  line  represents  the 
path  if  no  convergence  or  divergence  occurs. 
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Figui#^>35.— Parcel  moving  southward. 

If  horizontal  convergence  is  taking  place  while 
a  parcel  moves  southward,  there  is  a  decrease  in 
2  cj  sin  0  and  an  increase  in  D.  Consequently, 
there  must  be  a  compensating  increase  in  Zr. 
Therefore,  the  parcel  acquires  cyclonic  vorticity 
more  rapidly  than  if  no  convergence  were 
occurring  and  curves  eastward  more  rapidly. 
This  is  illustrated  in  figure  4-36  by  the  dashed 
line. 


decrease  if  D  remains  the  same.  However,  if 
Horizontal  convergence  is  taking  place,  D  is 
becoming  larger  With  horizontal  convergence 
and  northward  motion,  the  denominator  and 
one  term  in  the  numerator  of  the  vorticity 
theorem  are  increasing.  Consequently,  the  in- 
crease of  these  two  values  must  be  such  that 

2  cj  sin  0  plus  Zr 
D 

remains  constant,  or  there  must  be  a  compen- 
sating increase  in  Zr.  The  latter  is  the  normal 
case  and  results  in  the  parcel  moving  more 
cyclonically  than  it  would  if  there  were  no 
convergence.  In  this  case,  the  parcel  would 
follow  the  dashed  line  as  shown  in  figure  4-37 
rather  than  the  solid  line. 
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Figure  4-36.-Horizontal  convergence  while  a 
parcel  moves  southward. 

From  the  above  deductions,  it  is  obvious  that 
when  parcels  moving  southward  curve  more  anti- 
cyclonically  than  their  CAV  trajectories,  hori- 
zontal divergence  is  occurring;  when  horizontal 
divergence  is  expected  in  a  current  moving  from 
north  to  south,  the  path  of  the  parcel  will  be 
more  anticyclonic  than  expected  from  the  CAV 
trajectory.  Also,  when  parcels  move  southward 
and  curve  more  cyclonically  than  their  CAV 
trajectories,  horizontal  convergence  is  occurring; 
when  horizontal  convergence  is  expected  in  a 
current  moving  from  north  to  south,  the  path  of 
the  parcel  will  be  more  cyclonic  than  expected 
from  the  CAV  trajectory. 

Northward  Movement 

If  a  parcel  moves  northward,  there  is  an 
increase  in  2  cj  sin  0  which  requires  that  Zr 
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Figure  4-37.-Parcel  moving  northward. 

If  horizontal  divergence  is  taking  place  while  a 
parcel  moves  northward,  there  is  an  increase  in  2 
CJ  sin  <t>  and  a  decrease  in  D.  Consequently,  there 
must  be  a  compensating  decrease  in  Zr.  There- 
fore, the  parcel  acquires  anticyclonic  vorticity 
more  rapidly  than  if  no  convergence  were 
occurring  and  curves  eastward  more  rapidly. 
This  is  illustrated  in  figure  4-38  by  the  dashed 
line. 

From  this  discussion,  it  is  evident  that  when 
parcels  moving  northward  curve  more  cycloni- 
cally than  their  CAV  trajectories,  horizontal 
convergence  is  taking  place.  When  horizontal 
convergence  is  expected  in  a  current  moving 
south  to  north,  the  path  of  the  parcel  will  be 
more  cyclonic  than  expected  from  the  CAV 
trajectory.  Also,  when  parcels  moving  northward 
curve  more  anticyclonically  than  their  CAV 
trajectories,  horizontal  divergence  is  occurring. 
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Figure  4-38.~Hori20ntal  divergence  while 
a  parcel  moves  northward. 

When  horizontal  divergence  is  expected  in  a 
northward  moving  current,  the  path  of  the 
parcel  will  be  more  anticyclonic  than  expected 
from  the  CAV  trajectory. 

USE  OF  CAvrs 

The  appendix  of  Practical  Methods  of 
Weather  Analysis  and  Prognoses,  NavAer 
50-iP-502,  contains  CAVT  tables  for  intervals  of 
5^  of  latitude.  The  tables  are  entered  according 
to  the  initial  latitude,  and  the  wind  speeds  and 
wind  directions  of  the  air  parcels  at  their 
inflection  points.  The  tabular  values  are  in 
one-fourth  wavelengths.  The  results  of  these 
tables  are  a  series  of  waves  in  which  the  upper 
and  lower  portions  of  the  waves  are  symmetri- 
cal, though  not  necessarily  of  equal  size.  The 
primary  problem  in  moving  long  waves  by 
CAVTs  is  the  determination  of  a  valid  inflection 
point.  The  definition  of  the  inllection  point 
requires  straight  line  How  (that  is,  midway 
between  the  cyclonic  and  the  anticyclonic  flow) 
and  no  shear. 

In  the  case  of  a  jet  max  being  embedded  in 
the  westerly  How,  the  CAVTs  cannot  be  used  at 
face  value  because  of  the  convergence  and 
divergence  in  the  currents.  It  must  be  decided 
whether  there  will  be  convergence  or  divergence 
and  whether  the  CAVT  must  be  readjusted 
accordingly.  If  the  path  of  the  parcel  is  toward 
diverging  cyclonic  contours,  the  actual  path  will 
be  to  the  right  of  the  CAV  path.  If  the  path  of 
the  parcel  is  toward  converging  contours,  the 
actual  path  is  to  the  left  of  the  CAV  path.  The 
net  result  of  divergence  is  that  the  actual 
amplitude  of  the  troughs  will  be  greater  than 
CAV  amplitudes  and  trougli  lines  will  be  farther 


east  than  CAV  positions.  For  ridges,  the  actual 
contours  will  be  flatter  than  CAVTs  and  farther 
east  as  well.  The  net  result  of  convergence  is  that 
actual  troughs  will  have  less  amplitude  and  will 
be  located  f-j-ther  west  than  CAV  trouglis  as 
shown  in  fif^are  4-39. 


HORIZONTAL  WVER6ENCC  HORIZONTAL  C0NVER5EHCE 


 ACTUAL  PATH 

 CAV  PATH 
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Figure  4-39.-Modiflcation  of  CAVTs  because 
of  convergence  and  divergence. 


Evaluation  of  Vorticity 

In  addition  to  locating  the  areas  of  conver- 
gence and  divergence  in  order  to  adjust  the 
CAVTs  we  must  also  consider  the  effects  of 
horizontal  wind  shear  as  it  affects  the  relative 
vorticity,  and  hence  the  movement  of  the  long 
waves  and  deepening  or  filling  associated  with 
this  movement. 

The  two  terms  "curvature"  and  "shear," 
which  determine  the  relative  vorticity,  may  vary 
inversely  to  each  other.  Therefore,  it  is  necessary 
to  evaluate  both  of  them.  Figures  4-40  through 
4-43  illustrate  some  of  the  possible  combina- 
tions of  curvature  and  shear.  Solid  lines  are 
streamlines  or  contours;  dashed  lines  are 
isotachs. 

Figure  4-40  represents  a  symmetrical  sinus- 
oidal streamline  pattern  with  isotachs  parallel  to 
contours.  Therefore,  there  is  no  gradient  of 
shear  along  the  contours  alone.  In  region  I,  the 
curvature  becomes  more  anticyclonic  down- 
stream; therefore,  relative  vorticity  decreases 
downstream  and  the  whole  region  is  favorable 
for  deepening.  The  reverse  is  true  west  of  the 
trougli,  region  11,  and  the  region  is  unfavorable 
for  deepening. 
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Figure  4-40.— ContouMSOtach  pattern  for 
shear  analysis. 
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Figure  4*41.— Contour-isotach  pattern  for 
shear  analysis. 


Ill  1 
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Fkgure  4«42.— Contour-isotach  pattern  for 
shear  analysis 
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Figure  4'43.-Contour-isotach  pattern  for 
shear  analysis. 

In  figure  4-41  there  is  no  curvature  of 
streamlines;  therefore,  the  shear  alone  deter- 
mines the  rehitive  vorticity.  The  shear  down- 
stream in  regions  I  and  IV  becomes  less  cyclonic; 
in  regions  II  and  III,  it  becomes  more  cyclonic. 
Regions  I  and  IV  are  therefore  favorable  for 
deepening  downstream. 

In  region  I  of  figure  4-42  both  cyclonic  shear 
and  curvature  decrease  downstream  and  this 
region  is  highly  favorable  for  deepening.  In 
region  III  both  cyclonic  shear  and  curvature 
increase  downstream  and  this  region  is  ufifavor- 
able  for  deepening.  In  region  II  the  cyclonic 
curvature  decreases  downstream,  but  the  cy- 
clonic shear  increases.  This  situation  is  indeter- 
minate without  calculation  unless  one  term 
predominates.  If  the  curvature  gardient  is  large 
and  the  shear  gradient  small,  the  region  is  likely 
to  be  favorable  for  deepening.  In  region  IV,  the 
cyclonic  curvature  increases  downstream,  but 
the  cyclonic  shear  decreases,  so  that  this  region 
is  also  indeterminate  unless  one  of  the  two  terms 
predominates. 

In  region  I  of  figure  4-43  the  cyclonic  shear 
decreases  downstream  and  the  cyclonic  curva- 
ture increases-  The  region  is  indeterminate; 
however,  if  the  shear  gradient  is  larger  than  the 
curvature  gradient,  deepening  is  favored.  Region 
11  has  increasing  cyclonic  shear  and  curvature 
downstream  and  is  quite  unfavorable.  In  region 
III,  the  shear  becomes  more  cyclonic  down- 
stream and  the  curvature  becomes  less  cyclonic. 
This  region  is  also  indeterminate  unless  the 


ERIC 


115 

121 


ABROGRAPlU-irS  MATU  1  &  C 


cumitiire  term  pp;doni males.  In  region  IV,  the 
shear  and  curvature  become  less  cyclonic  down- 
stream and  the  region  is  lavorable  for  deepening. 

The  whole  point  of  these  illustrations  is  to 
point  out  that  decreasing  cyclonic  shear  and 
curvature  are  favorable  for  deepening  of  the 
frontal  wave  and  the  reverse  for  increasing 
cyclonic  shear  and  curvature  and  that  when  the 
situation  Js  indeterminate,  the  perdoniinant  term 
will  determine  whether  or  not  there  will  be 
deepening.  Deepening  of  a  trough  will  increase 
the  amplitude  of  the  wave  trough  and  shorten 
the  wavelength,  and  the  CAVTs  must  be 
adjusted  accordingly.  In  fact,  the  shear  analysis 
evaluation  should  be  applied  to  the  extrapo- 
lation of  long  wave  movement  and  the  move- 
ment by  Petterssen's  wave  speed  nomogram  as 
well,  for  the  reasons  just  stated.  (This  is  dis- 
cussed in  chapter  8  of  this  training  manual.) 

Relation  of  Vorticity 
to  Weather  Processes 

Vorticity  not  only  affects  the  genesis  of 
cyclones  and  anticyclones,  but  it  also  has  a 
direct  bearing  on  cloudiness,  precipitation,  and 
pressure  and  height  changes  as  well.  Vorticity  is 
used  primarily  in  forecasting  cloudiness  and 
precipitation  over  an  extensive  area.  One  rule 
states  that  when  relative  vorticity  decreases 
downstream  in  the  upper  troposphere,  conver- 
gence is  taking  place  in  the  lower  levels.  When 
convergence  takes  place,  cloudiness  and  possibly 
precipitation  will  prevail  ifsufllcient  moisture  is 
present. 


One  rule  using  vorticity  in  relation  to  cyclone 
de\eIopment  stems  from  the  observation  that 
when  cyclone  development  occurs,  the  location 
:^Imost  without  variance  is  in  advance  of  an 
upper  trouglK  Thus,  when  an  upper  level  trougli 
with  positive  vorticity  advection  in  front  of  it 
overtakes  a  frontal  system  in  the  lower  tropo- 
sphere, there  is  a  reliable  indicator  of  cyclone 
development  on  the  surface  chart.  This  is  usually 
accompanied  by  deepening  and  intensification 
of  the  surface  system.  Also,  the  development  of 
cyclones  at  sea  level  takes  place  when  and  where 
an  area  of  appreciable  positive  vorticity  advec- 
tion situated  in  the  upper  troposphere  overlies  a 
slow  moving  or  quasi-stationary  front  on  the 
surface  chart. 

It  has  been  shown  before  that  surface  pressure 
changes  that  take  place  aioft.  The  relationship 
between  convergence  and  divergence  can  best  be 
illustrated  by  the  shear  term,  if  we  consider  a 
How  where  the  cyclonic  shear  is  decreasing 
downstream  (stronger  wind  to  the  right  than  to 
the  left  of  the  current),  more  air  is  being 
removed  from  the  area  than  is  being  fed  into  it, 
hence  a  net  depletion  of  ni^is  aloft,  or  diver- 
gence. Divergence  aloft  is  associated  with  surface 
pressure  falls,  and  since  this  is  the  situation,  the 
relative  vorticity  is  decreasing  downstream.  We 
may  state  that  surface  pressure  falls  where 
relative  vorticity  decreases  downstream  in  the 
upper  troposphere,  or  where  advection  of  more 
cyclonic  vorticity  takes  place  aloft.  The  converse 
of  this  is  in  the  case  of  convergence  aloft. 
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AIR  MASSES,  FRONTS,  AND  CYCLONES 


In  the  preceding  chapters  you  have  seen  that 
regions  of  the  earth  have  special  properties  of 
temperature  and  humidity.  Under  favorable  con- 
ditions these  regions  impart  these  properties  to 
the  overlying  air,  thereby  forming  air  masses. 
These  air  masses  have  different  properties  de- 
pending upon  whether  they  form  over  land  or 
water  surfaces  or  over  polar  or  tropical  regions. 
When  two  air  masses  with  different  properties 
are  brought  together  a  line  of  discontinuity  or 
front  is  formed  between  them.  When  a  warm  air 
mass  lies  adjacent  to  a  cold  air  mass  and  either 
of  these  is  caused  to  be  accelerated  along  a  part 
of  the  front,  there  is  a  tendency  for  a  wave 
motion  to  be  set  up  along  the  front.  The  result 
of  this  interaction  is  called  a  wave  cyclone.  The 
wave  cyclone  may  be  either  stable,  that  is,  it 
travels  along  the  front  in  a  horizontal  plane 
without  appreciably  intensifying;  or  it  may  be 
unstable,  thereby  going  through  a  life  cycle- 
occluding  and  dying. 

The  material  contained  in  this  chapter  is  an 
extension  to  that  of  chapter  6,  Air  Masses  and 
Fronts,  Aerographer's  Mate  3  &  2,  NavTra 
10363-D.  A  review  of  the  basic  material  would 
be  helpful  in  understanding  some  of  the  more 
advanced  material  in  this  chapter. 

AIR  MASSES 

CONDITIONS  NECESSARY 
FOR  FORMATION 

Two  primary  factors  for  the  production  of  air 
masses  are  as  follows:  First,  a  surface  whose 
properties,  essentially  temperature  and  moisture, 
are  relatively  uniform  (it  may  be  a  water,  land, 
or  snow  covered  area);  and  second,  a  large 
divergent  flow  which  tends  to  destroy  tempera- 


ture contrasts  and  produces  a  homogeneous 
mass  of  air.  The  energy  supplied  to  the  earth's 
surface  from  the  sun  is  distributed  to  the  air 
mass  by  convection,  radiation,  and  conduction. 

Another  necessary  condition  for  air  mass 
formation  is  equilibrium  between  ground  and 
air.  This  is  established  by  a  combination  of  the 
following  processes:  (1)  turbulent-convective 
transport  of  heat  upward  into  the  higher  levels 
of  the  air;  (2)  coohng  of  air  by  radiation  loss  of 
heat;  and  (3)  transport  of  heat  by  evaporation 
and  condensation  processes. 

By  far  the  most  effective  process  involved  in 
establishing  equilibrium  is  turbulent-convective 
transport  of  heat  upwards.  It  is  also  the  fastest 
process  whereby  equilibriu  m  is  established.  The 
least  effective  and  slowest  process  whereby 
equilibrium  is  established  is  radiation. 

Evaporation  and  condensation  serve  to  con- 
tribute greatly,  during  both  radiation  and 
turbulent-convective  processes,  in  conserving  the 
heat  of  the  overlying  air  by  the  water  vapor 
permitting  radiation  only  through  transparent 
bands  in  the  case  of  radiation  cooling  and  in 
releasing  the  latent  heat  of  condensation  in  the 
case  of  turbulent-convective  processes.  For  this 
reason,  Aerographer  s  Mates  can  readily  see  that 
the  tropical  latitudes  form  air  masses  rapidly 
primarily  through  the  upward  transport  of  heat 
by  the  turbulent-convective  process  and  the 
polar  regions  form  air  masses  slowly  primarily 
by  the  loss  of  heat  through  radiation. 

The  Aerographer's  Mate  will  further  recognize 
that  the  underlying  surface  is  not  uniform  in  its 
thermal  properties  throughout  the  year  and  the 
distribution  of  land  and  water  is  unequal,  and 
that  for  these  reasons  special  summer  or  winter 
air  masses  may  be  formed.  The  rate  of  air  mass 
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formation  will  further  vary  with  the  intensity  of 
insolation. 

Effects  of  Air  Mass 
Circubtion 

It  is  recognized  that  there  are  three  circula- 
tion types  over  the  earth.  Some  ol  these  are 
favorable  for  air  mass  development,  while  others 
do  not  fulfill  the  requirements.  They  are: 

1.  The  anticyclonic  systems  of  the  earth.- 
They  have  stagnant  or  slowly  moving  aii  which 
allows  time  for  air  to  adjust  its  heat  and 
moisture  content  to  that  of  the  underlying 
surface.  These  anticyclones  possess  a  divergent 
airtlow  which  spreads  the  properties  over  a  large 
area  horizontally,  with  turbulence  and  convec- 
tion distributnig  these  properties  vertically.  Sub- 
sidence, another  property  of  anticyclones,  is 
favorable  for  lateral  mixing  which  results  in 
horizontal  or  layer  homogeneity. 

Wann  highs  extend  to  great  heights  due  to  a 
lesser  density  gradient  aloft  and  thereby  produce 
an  air  mass  of  relatively  great  vertical  extent. 
Two  examples  of  warm  highs  are  the  Bermuda 
high  and  the  Pacific  high.  Cold  highs  are  of 
moderate  or  shallow  vertical  extent  and  thereby 
produce  air  masses  of  moderate  or  shallow 
height. 

2.  Cyclonic  systems  are  not  conducive  to  air 
mass  formation  because  they  are  characterized 
by  greater  wind  speeds  than  anticyclonic  sys- 
tems. These  wind  speeds  prevent  cyclonic  sy<;- 
tems  from  stabilizing  the  necessary  amount  of 
time  an  air  mass  should  remain  over  a  surface  to 
adjust  itself.  An  exception  is  the  heat  low 

3.  Belts  of  convergence  are  not  conducive  to 
air  mass  formation  since  they  have  essentially 
the  same  properties  as  cyclonic  systems. 

There  are  two  areas  of  convergence  which  are 
exceptions  to  this  rule.  These  are  the  area  over 
the  north  Pacific  oetween  Siberia  and  North 
America  and  the  area  over  the  Atlantic  off  the 
coast  of  Labrador  and  Newfoundland,  These 
two  areas  act  as  source  regions  for  maritime 
polar  air, 

SOURCE  REGIONS 

Source  regions  are  areas  of  the  earth's  surface 
which  possess  the  necessary  conditions  con- 


ducive to  air  mass  formation.  These  conditions 
were  described  in  the  preceding  paragraphs. 

Generally  speaking,  there  are  two  primary  air 
mass  source  regions.  One  is  associated  with  the 
stagnant  cold  polar  regions  where  the  cold  air 
masses  develop;  and  the  other  exists  along  the 
lower  latitudes  near  30°  where  the  warm  air 
masses  develop.  Between  these  two  areas  there 
exists  a  zone  of  transition  over  which  mbcingof 
the  cold  air  masses  from  the  north  and  warm  air 
masses  from  the  south  takes  place, 

A  more  detailed  description  of  air  mass  source 
regions  may  be  found  in  AG  3  &  2,  chapter  6, 

CLASSIFICATION  OF  AIR  MASSES 

The  source  region  has  been  found  to  be  a 
useful  criterion  as  a  first  consideration  when 
classifying  air  masses.  The  letter  designations 
used  to  indicate  the  various  source  regions  are  as 
folluws: 

A  -  Arctic/Antarctic  air  masses. 
P  -  Polar  air  masses. 
T  -  Tropical  air  masses. 
E  -  Equatorial  air  masses. 
S  -  Superior  air  masses. 

The  second  criterion  is  made  by  prefixing  an 
**m"  or  "c"  to  one  of  the  above  to  indicate 
whether  the  air  mass  has  maritime  or  continental 
characteristics. 

It  sliould  be  noticed  that,  due  to  the  pre- 
dominance of  land  masses  or  ice  fields  in  the 
Arctic,  maritime  Arctic  (mA)  would  be  a  rare 
type.  In  a  like  manner,  equatorial  air  (E)  is 
found  exclusively  over  the  ocean  surface  in  the 
vicinity  of  the  Equator  and  is  designated  neither 
"c"nor"m"  but  simply  E, 

A  third  letter  is  added  to  indicate  whether  the 
air  is  colder  (k)  or  warmer  (w)  than  the  surface 
over  which  it  is  moving.  This  is  the  thermo- 
dynamic classification.  The  "k"  type  air  mass 
will  be  warmed  from  below,  and  convection 
currents  will  form.  Some  characteristics  of  this 
type  of  air  mass  are  turbulence  up  to  about 
10,000  feet;  unstable  lapse  rate  (nearly  dry 
adiabatic);  good  visibility  except  in  showers  and 
dust  storms;  cumulonimbus  clouds  such  as  cumu- 
lus and  cumulonimbus;  and  showers,  thunder- 
storms, hail,  ice  pellets,  and  snow  flurries. 
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The  "w"  type  of  air  mass  is  cooled  from 
below.  This  type  tends  to  maintain  its  original 
properties  and  is  modified  only  in  the  lower  few 
thousand  feet  as  it  moves.  Some  characteristics 
of  this  type  are  smooth  air  (above  the  friction 
level);  stable  lapse  rate;  poor  visibility  (smoke 
and  soot  are  held  in  the  lower  few  thousand 
feet);  and  stratiform  clouds  and  fog  and  occa- 
sionally  drizzle. 

Properties  of  Air  Masses  in 
Their  Source  Regions 

The  properties  an  air  mass  will  acquire  in  its 
source  region  are  dependent  upon  a  number  of 
factors-the  time  of  year  (winter  or  summer), 
the  nature  of  the  underlying  surface  (whether 
land,  water,  or  ice  covered),  and  the  length  of 
time  it  remains  over  its  source  region.  The 
properties  described  in  the  following  section  are, 
in  general,  applicable  to  all  areas  of  the  world, 
except  when  the  differences  are  pointed  out. 
You  must  remember  that  these  indicate  only 
average  or  normal  properties  and  conditions,  and 
those  characteristics  and  properties  may  be 
different  on  any  particular  day. 

Arctic  and  Polar 
Continental  Air  Masses 

Since  these  two  air  masses  have  similar  charac- 
teristics, they  are  discussed  together.  In  the 
United  States  continental  polar  air  (cP)  is 
usually  a  modification  of  cA,  although  it  may  be 
more  unstable  in  the  eastern  part  of  the  United 
States.  In  addition,  cP  air  is  the  air  mass  that 
usually  interacts  with  mT  air  along  the  polar 
front,  and  resultant  rains  and  snows  make  up  a 
laige  proportion  of  the  winter  precipitation 
from  the  Rocky  Mountains  eastward. 

In  the  winter,  its  North  American  location  is 
from  the  Atlantic  Ocean  to  the  Bering  Sea  from 
50°  north  to  Ihe  Arctic  Circle.  Over  Siberia,  it  is 
from  the  Pacific  Ocean  to  the  edge  of  Europe 
and  the  Arctic  Ocean  south  to  the  Plateau  of 
Tibet.  Over  Europe,  a  more  distinct  separation 
between  Arctic  and  continental  polar  air  is  due 
to  the  cold  easterly  currents  toward  the  Ice- 
landic low  from  the  Arctic  regions  and  the 
advection  of  warmer  air  from  the  Atlantic  Ocean 
easterly  toward  the  Barents  Sea. 
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The  lower  layer  of  continental  polar  air  in  its 
source  region  is  characterized  by  a  strong  surface 
inversion,  an  isothermal  middle  layer,  and  a 
steep  lapse  rate  aloft. 

MOISTURE  DISTRIBUTION.-Moisture 
adapts  to  temperature  so  as  not  to  exceed 
saturation.  Moisture  in  the  lower  layers  is 
withdrawn  by  frost  and  ice  crystal  fogs. 

According  to  Wexler,  all  polar  air  masses 
above  10,000  to  15,000  feet  are  alike.  The 
essential  difference  between  continental  polar 
and  maritime  polar  is  the  modification  up  to 
that  level,  and  modification  is  dependent  upon 
the  snow  or  water  source  regions.  Above  this 
level,  a  steep  lapse  rate  is  exhibited  in  both  air 
masses.  This  air  aloft  is  sometimes  referred  to  as 
polar  superior  air. 

The  mixing  ratio  is  low,  usually  less  than  1 
gram  per  kilogram.  The  humidity  is  high  at  the 
surface  (85-95  percent),  decreasing  to  the  50's  in 
the  isothermal  layer  and  lower  aloft.  The  effect 
of  cooling,  however,  seldom  exceeds  10,000  feet 
in  the  cA  air  masses  that  reach  the  United 
States. 

In  general,  the  skies  will  be  clear  or  have 
flattened  stratocumulus  clouds,  if  any.  Visibility 
will  be  good,  except  if  ice  crystal  fogs  are 
present  (in  temperatures  -30°C  and  below). 
Refer  to  figure  5-1  for  typical  lapse  rates  of  cP 
air  in  its  source  region. 

Continental  polar  air  has  the  greatest  annual 
variation  of  any  air  mass,  and  its  properties  show 
a  large  variation  from  season  to  season.  The 
warming  may  result  in  a  weaker  inversion  in 
summer  that  may  completely  disappear  during 
the  day  only  to  be  reestablished  at  night  due  to 
cooling.  European  continental  polar  air  is  more 
moist  than  North  American  or  Siberian  conti- 
nental air.  Over  Asia,  cP  air  is  colder  than  other 
cP  air  masses. 

Occasionally  we  have  intrusions  of  maritime 
polar  air  into  the  continental  polar  source 
regions.  A  low  in  the  Beaufort  Sea  region  will 
induce  maritime  polar  air  into  the  Mackenzie 
River  Valley  by  bringing  it  from  the  Bering  Sea 
across  northern  Alaska.  Temperatures  will  rise 
from  20""  to  40°F,  but  this  air  is  quickly 
modified  to  continental  polar  air.  Another  case 
is  that  of  the  Nova  Scotia  wave.  A  strong  low  in 
the  vicinity  of  Nova  Scotia  will  induce  mP  from 
the  North  Atlantic  into  the  continent  in  the 
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Figure  5*1  .-Continental  polar  air  in  its  source  region  (winter). 
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Labrador-Hudson  Bay  region.  Temperatures  in 
this  region  will  rise  30°  to  40° F  and  the  air  will 
be  modified  quickly  to  cP,  though  not  as  rapidly 
as  air  in  the  Mackenzie  Valley. 

In  summer,  due  to  extremely  long  days  and 
the  absence  of  a  snow  cover  over  a  large  portion 
of  the  source  region,  cP  air  masses  are  very 
different  from  those  observed  during  the  winter 
months.  The  warmth  of  the  underlying  surface 
produces  unstable  layers  near  the  ground  in 
contrast  to  the  extremely  stable  conditions 
during  winter. 

When  an  air  mass  originating  over  the  Arctic 
Ocean  in  summer  moves  southward,  it  is  impos- 
sible to  distinguish  it  after  it  reaches  the  United 
States  from  one  originating  over  continental 
North  America.  During  this  season,  even  mP  air 
from  the  North  Pacific  Ocean  becomes  practi- 
cally identical  with  the  cP  masses  after  crossing 
the  western  mountains  of  the  United  States. 
Continental  polar  air  masses  in  summer  are 
characterized  by  relatively  low  temperatures  and 


are  subject  to  wide  daily  variations  due  to  their 
characteristic  dryness  aloft.  During  afternoon 
hours,  adiabatic  or  superadiabatic  lapse  rates 
may  develop  near  the  ground  and  produce 
turbulence  as  high  as  6,000  to  10,000  feet 
Occasionally,  after  the  air  has  stagnated  for  a 
few  days  over  the  southeastern  United  States, 
sufficient  moisture  may  accumulate  to  result  in 
the  formation  of  local  thundershowers,  usually 
confined  to  the  mountainous  districts.  Over 
Europe,  the  source  region  is  essentially  the  same 
as  for  the  winter  months,  but  it  is  predomi- 
nantly a  dry  air  mass  and  generally  produces  fair 
weather,  except  for  haze  and  smoke  present  in 
the  lower  layers. 

Maritime  Polar  Air 

Maritime  polar  air  masses  are  formed  in 
transition  zones,  and  the  properties  the  air  mass, 
will  have  are  dependent  upon  its  original  source 
and  its  trajectory  through  the  transition  zone. 


ERIC 


120 

126 


Chapter  5  -AIR  MASSES,  FRONTS,  AND  CYCLONES 


The  air  may  arrive  at  the  transition  zone  cither 
by  a  path  from  over  land  to  the  water,  which 
may  be  either  cyclonic  or  anticyclonic,  or  from 
an  overwater  path  from  the  subtropical  regions. 

If  the  air  arrives  at  the  source  region  in  winter 
from  a  continental  source  over  the  transition 
zone  and  the  trajectory  is  cyclonic,  the  air  is 
warmed  from  below,  heat  is  added  by  radiation 
^nd  eddy  exchange  from  the  surface,  and  mois- 
ture is  added  which  is  carried  aloft  by  convec- 
tion. Subsidence  is  not  operative  as  the  air  is 
usually  dominated  by  the  low  which  is  associ- 
ated with  the  outbreak.  Modification  usually 
extends  up  to  about  12,000  feet.  When  the  air 
arrives  over  the  eastern  portion  of  the  mP  source 
region,  its  stability  increases  because  the  rate  of 
heating  from  below  is  reduced.  The  air  is  usually 
dry  and  cold  aloft  with  a  continental  character. 

On  the  other  hand,  if  the  air  moves  out  from 
its  continental  source  and  passes  through  the 
transition  zones  with  an  anticyclonic  trajectory, 
the  air  is  more  stable,  particularly  at  upper 
levels,  due  to  the  subsidence  effect. 

Also,  in  winter,  air  may  arrive  at  the  mP 
source  region  from  the  subtropics  due  to  an 
elongated  trough  extending  southward;  the  air 
has  a  long  overwater  trajectory  and  is  cooled  by 
its  passage  over  colder  water  on  its  path  north- 
ward. In  this  case,  the  air  is  cooled  in  its  lower 
layers  and  therefore  more  stable.  This  is  the 
warmest  air  that  arrives  in  this  region. 

In  general,  maritime  polar  air  in  its  source 
region  in  the  winter  is  convectively  unstable  in 
its  lower  layers,  dry  and  cold  aloft  and  has  little 
or  no  diurnal  temperature  variation.  Mild  con- 
vective  type  clouds  and  precipitation  predomi- 
nate. 

Just  as  there  is  an  appreciable  difference  in 
the  structure  of  cP  air  masses  in  summer  as 
compared  with  winter,  so  we  find  pronounced 
differences  in  the  structure  of  polar  maritime 
air.  In  summer,  the  maritime  air  masses  are  more 
stable  than  winter. 

In  summer,  air  arriving  at  its  mP  source  region 
from  continental  regions  is  cooled  from  below, 
resulting  in  extreme  stability  in  the  lower  layers. 
Fogs  and  stratus  are  common. 

Maritime  Tropical 

The  subtropical  highs  are  the  source  regions 
for  mT  air.  On  the  eastern  side,  colder  tempera- 
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tures  and  marked  subsidence  render  this  portion 
of  the  high  stable.  The  western  portion  is  the 
most  unstable  due  to  warmer  surface  conditions 
and  a  lesser  effect  of  subsidence.  Most  often,  niT 
air  is  modified  mP  air,  but  all  air  masses  are 
continually  acquiring  new  properties  in  primary 
and  secondary  source  regions.  Subsidence, 
especially  over  the  eastern  limbs  of  the  high, 
prevents  the  distribution  of  moisture  to  high 
levels.  (See  figs.  2-6  and  2-7  in  chapter  2  of  this 
manual.)  Therefore,  the  air  is  moist  below  the 
inversion  and  dry  above.  (See  Trade  Inversions 
in  chapter  12.)  Cloudiness  is  more  prevalent  in 
the  western  portion,  and  the  amount  of-precipi- 
tation  will  be  small  unless  associated  with 
frontal  convergence  or  some  other  type*  of 
convergence.  Typical  properties  of  mT  air  over 
the  Atlantic  in  winter  in  its  source  region  are  a 
moderately  steep  lapse  rate  with  the  air  convec- 
tively unstable  to  about  9,000  to  11,000  feet 
with  a  mbcing  ratio  of  13  to  15  grams  per 
kilogram.  Relative  humidity  is  high  in  the  lower 
levels  and  decreases  aloft.  Surface  temperatures 
average  around  75°  to  80°F  and  the  800-mb 
temperature  about  12"*  to  IS'^C.  Therefore,  the 
air  is  characterized  in  its  source  region  by  high 
temperature,  high  moisture  content,  conditional 
instability,  and  a  few  stratocumulus  clouds. 

Summer  conditions  are  very  similar  to  those 
of  winter  except  that  the  increased  surface 
temperature  in  the  western  portion  causes  in- 
creased instability  and  air  mass  showers  and 
thunderstorms.  In  the  eastern  portion,  the  axis 
and  latitude  of  the  seasonal  shift  of  the  sub- 
tropical high-pressure  cells  cause  a  flow  which 
results  in  upwelling  along  the  western  coasts  of 
continents,  with  increased  stability  and  the 
prevalance  of  coastal  stratus  and  fogs. 


Continental  Tropical 

In  winter  this  air  mass  is  characterized  by 
moderately  warm  temperatures,  but  in  summer 
they  are  extremely  warm.  This  is  the  warmest  air 
mass  found  in  North  America.  Due  to  the  usual 
extension  of  a  high-pressure  cell  over  these 
regions  in  the  winter,  the  flow  is  anticyclonic 
and  the  air  consequently  stable.  In  summer  the 
dry  land  is  strongly  heated.  There  is  usually  a 
thermal  low  present  at  the  surface  with  a  high 
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level  anticyclone  aloft.  This  air  mass  is  character- 
ized by  strong  daytime  convection  in  the  sum- 
mer with  a  strong  and  steep  lapse  rate,  often  dry 
adiabatic  to  high  levels. 

During  winter  and  summer  the  air  has  a  high 
condensation  level,  due  to  the  lack  of  moisture, 
and  clouds  are  rare.  A  few  small  cumulus  may 
form  late  in  the  afternoon.  The  air,  especially  in 
summer,  has  a  large  diurnal  temperature  varia- 
tion, often  as  high  as  30°  to  40°F. 

Equatorial  Air 

There  is  little  or  no  seasonal  variation  in  the 
properties  of  ihis  air  mass.  It  is  characterized  by 
a  great  uniformity  in  the  distribution  of  temper- 
ature and  humidity.  The  temperatures  are  high 
and  instability  is  the  rule.  Humidity  is  also  high 
and  uniformly  distributed,  resulting  in  a  low 
condensation  level.  When  occurring  over  land  or 
when  forced  aloft  by  some  kind  of  lifting  action, 
the  weather  is  characterized  by  convective  insta- 
bility, producing  showers  or  thunderstorms. 

Superior  Air 

Superior  air  is  a  high  level  air  mass  and  has 
little  direct  relation  to  the  air  mass  which  it  is 
overlying.  It  develops  above  an  inversion  layer. 
Superior  air  is  created  by  an  anticyclonic  flow 
and  subsidence,  and  is  very  stable  and  dry.  It  is 
warmer  than  any  other  air  mass  for  its  altitude, 
with  little  seasonal  variation  in  its  properties. 

AIR  iMASS  MODIFICATION 

When  an  air  mass  moves  out  of  its  source 
region,  there  are  a  number  of  factors  which  act 
upon  the  air  mass  to  change  its  properties.  These 
modifying  influences  do  not  occur  separately. 
For  instance,  in  the  passage  of  cold  air  over 
warmer  water  surfaces,  there  is  not  only  a 
release  of  heat  to  the  air,  but  also  some 
moisture.  The  Aerographer's  Mate  must  be 
aware  of  the  changes  that  take  place  once  an  air 
mass  has  left  its  source  region  in  order  to 
integrate  these  changes  into  his  forecast. 

MODIFYING  FACTORS 

As  an  air  mass  expands  and  slowly  moves  out 
of  its  source  region,  it  travels  along  a  certain 


path.  The  surface  over  which  this  path  takes  the 
air  mass  after  leaving  its  source  modifies  the  air 
mass.  The  type  trajectory,  whether  cyclonic  or 
anticyclonic,  also  has  a  bearing  on  its  modifica- 
tion. The  time  the  air  mass  has  been  out  of  its 
source  region  will  determine  to  a  great  extent 
the  characteristics  of  the  air  mass  when  a 
thermodynamic  classification  is  attempted. 

Surface  Conditions 

The  first  modifying  factor  on  an  air  mass  as  it 
leaves  its  source  region  is  the  type  and  condition 
of  the  surface  over  which  it  travels.  Here,  the 
factors  of  surface  temperature,  moisture,  and 
topography  must  be  considered. 

TEMPERATURE. --The  temperature  of  the 
surface  relative  to  that  of  the  air  mass  will 
modify  not  only  the  temperature,  but  its  stabil- 
ity as  well.  For  example,  if  the  air  mass  is  warm 
and  moves  over  a  colder  surface,  such  as  tropical 
air  moving  over  colder  water,  the  cold  surface 
cools  the  lower  layers  of  the  air  mass  and  its 
stability  is  increased.  This  stability  will  extend 
to  the  upper  layers  in  time,  and  condensation  in 
the  form  of  fog  or  low  stratus  normally  occurs. 
^  (See  fig.  5-2.) 

If  the  air  mass  moves  over  a  surface  that  is 
warmer,  such  as  polar  continental  air  moving  out 
from  the  continent  in  winter  over  warmer  water, 
the  warm  water  heats  the  lower  layers  of  the  air 
mass,  increasing  instability  and  consequently 
spreading  to  higher  layers.  Figure  5-3  illustrates 
the  movement  of  cP  air  over  a  warmer  water 
surface  in  winter. 

The  changes  in  stability  of  the  air  mass  give 
valuable  indications  of  the  cloud  types  that  will 
form,  as  well  as  the  type  of  precipitation.  Also, 
the  increase  or  decrease  in  stability  gives  further 
indications  of  the  lower  layer  turbulence  and 
visibility. 

MOISTURE. -The  air  mass  may  be  modified 
in  its  moisture  content  by  the  addition  of 
moisture  by  evaporation  or  by  the  removal  of 
moisture  by  condensation  and  precipitation.  If 
the  air  mass  is  moving  over  continental  regions, 
the  existence  of  unfrozen  bodies  of  water  can 
greatly  modify  the  air  mass  and,  in  the  case  of 
an  air  mass  moving  from  a  continent  to  an 
ocean,  the  modification  can  be  considerable.  In 
general,  dependent  upon  the  temperature  of  the 
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OVER  LAND  OR  WATER 
Figure  5-2.— Passage  of  warm  air  over  colder  surfaces. 
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COOL  CONTINENT 


WARM  OCEAN 


Figure  5-3.-Continental  polar  air  moving  from  cool  continent  to  warm  ocaan  (winter). 


two  surfaces,  the  movement  over  a  water  surface 
will  increase  the  moisture  content  of  the  lower 
layers,  and  the  relative  temperature  of  the 
surface. 
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For  example,  the  passage  of  cold  air  over  a 
warm  water  surface  will  decrease  the  stability  of 
the  air  with  resultant  vertical  currents.  The 
passage  of  warm  moist  air  over  a  cold  surface 
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increases  the  stability  and  could  result  in  fog  as 
the  air  is  cooled  and  mositure  is  added  by 
evaporation. 

TOPOGRAPHY,-The  effect  of  topography  is 
evident  primarily  in  the  regions  of  mountains. 
The  air  mass  is  modified  on  the  windward  side 
by  the  removal  of  moisture  through  precipita- 
tion with  a  decrease  in  stability;  and  as  the  air 
descends  on  the  other  side  of  the  mountain,  the 
stability  increases  as  the  air  becomes  warmer  and 
drier. 

Trajectory 

After  an  air  mass  has  left  its  source  region,  the 
trajectory  it  follows,  whether  cyclonic  or  anti- 
cyclonic,  has  a  great  effect  on  its  stability.  If  the 
air  follows  a  cyclonic  trajectory,  its  stability  in 
the  upper  levels  is  decreased;  this  instability  is  a 
reflection  of  the  cyclonic  relative  vorticity.  The 
stability  of  the  lower  layers  is  not  greatly 


affected  by  this  process.  On  the  other  hand,  if 
the  trajectory  is  anticyclonic,  its  stability  in  the 
upper  levels  is  increased  as  a  result  of  subsidence 
associated  with  anticyclonic  relative  vorticity. 

Age 

Although  the  age  of  an  air  mass  in  itself 
cannot  modify  the  air  mass,  it  will  determine,  to 
a  great  extent,  the  amount  of  modification  that 
takes  place.  For  example,  an  air  mass  that  has 
recently  moved  from  its  source  region  will  not 
have  had  time  to  become  modified  significantly. 
However,  an  air  mass  which  has  moved  into  a 
new  region  and  stagnated  for  some  time,  and  is 
now  old,  will  be  found  to  have  lost  many  of  its 
original  characteristics. 

Summary 

In  figure  5-4  the  two  modifying  infiuencesare 
classified  thermal  and  mechanical. 


THE  PROCESS 

HOW  IT  HAPPENS 

RESULTS 

A.  THERMAL 

1.  Heating  from  below. 

Air  mass  passes  from  over  a  cold  surface  to 
a  warm  surface,  or  surface  under  air  mass 
is  heated  by  s^un. 

Decrease  in  stability. 

2.  Cooling  frora  below. 

Air  mass  passes  from  over  a  warm  surface  to 
a  cold  surface,  OR  radiational  cooling  of 
surface  under  air  mass  takes  place. 

Increase  in  stability. 

3.  Addition  of  moisture. 

By  evaporation  from  water,  ice,  or  snow 
surfaces,  or  moist  ground,  or  from  rain- 
drops or  other  precipitation  which  falls 
from  overrunning  saturated  air  currents. 

Decrease  in  stability. 

4.  Removal  of  moisture. 

By  condensation  and  precipitation  from  the 
air  mass. 

Increase  in  stability. 

B.  MECHANICAL 

1.  Turbulent  mixing. 

Up-  and  down-draft. 

Tends  to  result  in  a 
thorough  nixing  of 
the  air  through  the 
layer  where  the  tur- 
bulence exists. 

2.  Sinking. 

Movement  down  from  above  colder  air  masses 
or  descent  from  high  elevations  to  low- 
lands, subsidence  and  lateral  spreading. 

Increases  stability. 

3.  Lifting. 

Movement  up  over  colder  air  masses  or  over 
elevations  of  land  or  to  compensate  for 
air  at  the  same  level  converging. 

Decreases  stability. 

AG.458 

Figure  5-4.— Air  mass  changes. 
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The  figiiie  indtcates  the  modifying  process, 
what  takes  place,  and  the  resultant  change  in 
stability  of  the  air  mass.  It  must  be  reiterated 
that  the^e  processes  do  not  occur  independently, 
but  two  oi  more  processes  are  usually  in 
evidence  at  the  same  time. 

It  should  be  pointed  out  that  within  any 
single  air  mass  Hie  weather  is  controlled  by  the 
moisture  content,  stability,  and  the  up-and- 
down  slope  movements  of  air.  It  must  also  be 
stressed  that  the  conditions  indicated  are  only 
average  conditions  and  that  each  individual  case 
may  be  quite  different, 

CHARACTERISTICS  OF 
MODIFIED  AIR  MASSES 

North  American  Air 
Masses  (Winter  Season) 

CONTINENTAL  ARCTIC  (oA)  AND  CONTI- 
NENTAL POLAR  (cP).-Figure  5-5  illustrates 
some  of  the  paths  taken  by  cA  and  cP  air 
entering  the  United  States. 


Path  No.  I  (cyclonic)  is  usually  indicative  of  a 
strong  outbreak  of  cold  air  accompanied  in  the 
lower  few  thousand  feet  by  high  winds  and 
turbulence  with  gusty  flying  conditions.  A 
strong  inversion  persists  between  5,000  and 
10,000  feet,  and  fractocuniulus  and  stralo- 
cumulus  clouds  often  form  under  this  inversion. 
As  the  air  mass,  following  this  path,  moves  over 
the  Great  Lakes,  it  is  heated  from  below  and 
moisture  is  added,  especially  during  early  winter 
before  the  lakes  have  frozen  over.  This  results  in 
either  rain  or  snow  showers  on  the  lee  side  of 
the  Great  Lakes  and  on  the  windward  side  of  the 
Appalachians,  (See  fig,  5-6,) 

East  of  the  mountains,  relatively  clear  skies 
prevail.  The  cloud  bases  are  at  500  to  1,000  feet 
on  the  lee  side  of  the  Great  Lakes  and  at  or  near 
zero  over  the  mountains.  Cloud  tops  are  at 
about  7,000  feet  in  the  Great  Lakes  region  and 
around  14,000  feet  in  the  mount^ir  region,  (See 
fig.  5-6.) 

In  the  Middle  West,  clouds  associated  with 
this  type  of  air  mass  continue  for  24  to  48  hours 
after  the  arrival  of  the  cold  mass,  while  along  the 
Atlantic  Coast  rapid  passage  of  the  leading  edge 
of  a  cA  air  mass  produces  almost  immediate 
clearing. 

When  polar  air  follows  path  No.  2  (anti- 
cyclonic)  over  the  central  United  States,  gener- 
ally smooth  flying  conditions  exist,  except  in 
the  lower  4,000  feet  where  contact  of  the  air 
with  the  warmer  surface  may  cause  turbulence. 
Surface  visibility  is  good,  except  during  the  early 
morning  hours  when  the  air  mass  stagnates  over 
a  region  and  subsidence  occurs  aloft. 

Path  No.  3  does  not  occur  very  often.  This  is 
essentially  a  wintertime  phenomenon  and 
usually  occurs  when  an  intense  high  in  the  cP 
source  region  (1,035  to  1,040  nib)  results  in  a 
strong  pressure  gradient  forcing  air  over  the 
mountains.  When  the  trajectory  is  similar  to 
path  No.  3,  the  air  arrives  over  the  central  and 
southern  coast  of  California  as  a  cold,  convec- 
tively  unstable  current  with  .subsequent  squalls, 
rain  showers,  and  even  snow  occurring  as  far 
south  as  southern  California. 

MARITIME  ARCTIC  (mA)  AND  MARITIME 
POLAR  (mP)  (PACIFIC).-When  an  outbreak  of 
polar  air  moves  over  only  a  ver^'  small  part  of 
the  Pacific  Ocean  before  reaching  the  United 
States,  it  usually  resembles  niAk.  If  its  path  has 
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Figure  5-5.— Paths  of  cP  and  cA  air 
(North  American  winter). 
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been  far  to  the  south,  it  is  typically  mP.  Figure 
5-7  shows  some  of  the  trajectories  by  which  niP 
air  reaches  the  North  American  coast  during  the 
winter. 

Path  No.  I  is  a  cyclonic  trajectory.  The  air 
originates  in  Alaska  or  northern  Canada  and  is 


AG.461 

Figure  5-7.— Paths  of  mP  air  over  the 
Pacific  coast  in  winter. 


pulled  out  over  the  Pacific  Ocean  by  a  low  close 
to  British  Columbia  in  the  Gulf  of  Alaska.  This 
air  has  a  relatively  short  ovenvater  path  and 
brings  very  cold  weather  to  the  Pacific  North- 
west. The  air  is  convectively  unstable  in  the 
lower  layers;  and  when  the  air  is  lifted  by  the 
coastal  ranges,  showers  and  squalls  are  common 
with  2,000-foot  ceilings  along  the  coast  and  near 
zero  along  the  mountain  ranges.  The  visibility  is 
good  except  in  precipiiation.  Rough  flying 
weather  prevails  in  the  turbulent  air.  Icing  is 
most  noticeable  in  the  mountains  and  may  be 
severe. 

Maritime  polar  (mP)  air  with  a  longer  over- 
water  trajectory  path  No.  2  dominates  the  west 
coast  of  the  United  States  during  winter  months. 
When  there  is  rapid  west  to  east  motion  and 
small  north  to  south  motion  of  pressure  systems, 
mP  air  may  influence  the  weather  over  most  of 
the  United  States.  Due  to  a  longer  ovenvater 
trajectory,  this  mP  air  is  heated  to  greater 
heights,  and  convective  instability  is  present  up 
to  about  10,030  feet.  This  air  has  typical  "k" 
characteristics-turbulent  gusty  winds,  steep  lapse 
rate,  good  visibility  at  ground  except  in  precipi- 
tation, and  cumulus  and  cumulonimbus  clouds 
with  showers.  These  showers  are  not  as  intense 
as  those  produced  in  the  shorter  trajectory  mP 
air,  but  the  total  amount  of  precipitation  is 
greater.  With  a  very  long  ovenvater  trajectory, 
path  No.  3,  mP  air  tends  to  become  rather 
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stable,  with  one  or  two  subsidence  inversions 
and  stratus  type  clouds  with  base  about  1,000 
feet  and  tops  about  4,000  feet. 

Maritime  polar  (mP)  air  sometimes  stagnates 
between  the  mountains  in  the  Great  Basin  region 
of  the  Western  United  States.  This  cold  air 
becomes  modified,  and  subsidence  inversions, 
low  stratus  clouds,  and  fog  form.  This  process 
causes  the  Pacific  coast  valleys  to  be  among  the 
foggiest  places  in  the  country  during  winter. 
When  this  air  moves  eastward  across  the  Conti- 
nental Divide  and  downslope,  it  generally  brings 
clear  skies,  mild  temperatures,  and  low  humidi- 
ties. 

Maritime  polar  air  that  moves  eastward  with- 
out stagnating  has  much  of  its  moisture  con- 
densed out  during  the  lifting  necessary  to  cross 
the  mountains.  It  then  warms  dry  adiabatically 
as  it  descends,  forming  a  very  stable  air  mass 
with  good  tlying  conditions.  This  air  has  large 
daily  temperature  ranges.  When  mP  air  crosses 
the  Rocky  Mountains  and  encounters  a  deep  cP 
air  mass  which  forces  it  aloft,  very  severe 
snowstonns  or  blizzards  may  occur. 

MARITIME  POLAR  (ATLANTIC  ORI- 
GIN).-The  rarest  air  mass  in  the  United  States  is 
mP  air  of  Atlantic  origin,  owing  to  the  normal 
westeast  movement  of  systems.  The  air  mass  is 
confined  to  the  east  coast  of  the  United  States, 
New  England,  and  the  Maritime  Provinces  of 
Canada.  The  air  mass  is  originally  cP  which  has 
had  a  short  trajectory  over  water,  but  the 
heating,  addition  of  moisture,  and  steepening  of 
lapse  rate  is  not  as  great  as  in  the  mP  air  of 
Pacific  origin. 

MARITIME  TROPICAL  (PACIFIC  ORI- 
GIN).-Maritime  tropical  air  of  Pacific  origin  is 
seldom  observed  along  the  west  coast  of  the 
United  States,  especially  near  the  ground.  On 
those  occasions  when  true  mT  air  moves  over 
the  lower  coast  of  California,  the  air  is  pushed 
aloft  in  the  rapidly  occluding  frontal  systems, 
producing  the  heaviest  winter  rains  on  record 
there. 

MARITIME  TROPICAL  (ATLANTIC  ORI- 
GIN).-The  temperature  and  moisture  content 
are  higher  than  in  any  other  air  mass  on  the 
North  American  Continent  in  winter.  Maritime 
tropical  air  is  responsible  for  the  greatest  portion 
of  precipitation  both  in  summer  and  in  winter. 
Most  of  the  precipitation  falls  through  a  polar 


air  mass  which  it  is  overrunning  and  is  thus 
associated  with  frontal  activity. 

In  the  Southern  States,  mT  air  is  mild  with 
much  low  cloudiness  at  night  and  a  high 
frequency  of  fogs.  During  the  day  convective 
activity  raises  ceilings;  flying  conditions  are 
good.  As  mT  air  moves  northward,  extensive 
cooling  in  the  lower  layers  takes  place,  causing 
much  fog  and  low  stratus,  which  sometimes 
precipitates  a  fine  drizzle.  True  mT  air  in  winter 
has  a  dewpoint  in  excess  of  60°F  and. should  not 
be  confused  with  modified  cP  returning  from 
the  Gulf  of  Mexico.  Northward  movement  of 
mT  occurs  only  with  a  very  low  zonal  index 
situation. 

Summer  Air  Masses 

Most  of  the  United  States  is  dominated  by 
either  S  or  mT  air,  whereas  Canada  (and 
Northwestern  United  States)  is  dominated  by 
polar  air.  Occasionally,  tropical  air  is  transported 
to  the  Canadian  tundra  and  Hudson  Bay  region. 

MARITIME  POLAR  (PACIFIC  ORIGIN).- 
The  whole  of  the  Pacific  coast  is  usually  under 
the  influence  of  mP  air  in  the  summer.  This  air 
seldom  extends  east  of  the  Rockies;  and  when  it 
does,  it  has  acquired  properties  almost  identical 
to  cP  air.  Coastal  weather  is  generally  clear  with 
scattered  cumulus.  Typical  unstable  conditions 
prevail  along  the  Pacific  coa'jt  as  far  as  northern 
California  with  the  influx  of  such  mP  air. 

MARITIME  POLAR  (ATLANTIC  ORI- 
GIN).-The  east  coast  of  the  United  States 
occasionally  experiences  an  influx  of  mP  air 
from  the  Atlantic,  but  due  to  the  lesser  tempera- 
ture contrast  between  continent  and  ocean  in 
summer,  this  influx  of  mP  air  creates  no  hazard 
to  flying.  The  temperature  drops  quite  a  bit, 
bringing  relief  from  heat  waves.  Precipitation 
from  this  air  is  rare, 

CONTINENTAL  POLAR.-Polar  air  of  Cana- 
dian origin  occasionally  invades  the  United 
States  in  summer  under  a  low  zonal  index 
situation.  When  it  does,  it  preserves  to  a  large 
extent  its  temperature  characteristics.  Convec- 
tive activity  in  the  United  States  is  extensive  but 
mild,  confined  in  height  to  700  mb  or  less. 

MARITIME  TROPICAL  (ATLANTIC  ORI- 
GIN).-The  most  extensive  air  mass  in  summer 
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over  rlio  Kistoni  United  Sl»i(cs.  High  lomptra- 
imc  :iiul  a  great  tlojl  ol  moisture  cluiraclcrize 
this  air.  with  a  summer  dewpoini  near  or  in 
^.xccss  ot' 7()^I\it  the  surface.  Movement  of  niT 
air  <ner  warmer  ground  increases  its  eonvecti\e 
insldbility.  Low  slratiforni  clouds  are  the  rule  in 
the  mornings,  especially  along  the  east  coast, 
becoming  convectjve  clouds  during  the  day,  with 
frequent  thunderstorms  at  night.  Flying  condi- 
tion, in  this  air  masb  are  not  hazardous  despite 
the  thunderstorms  because  they  are  easily  cir- 
ajMna\igatcd.  Ground  fogs  are  frequent  with 
luilliward  nuneiiient  of  ml  air  over  land,  and 
H\t  fngs  uith  movement  over  water.  The  famous 
fugs  of  the  (ifand  Banks  arc  typical  of  mT  air 
overacDid  ocean  current. 

Occasionally  during  late  summer  and  early 
fall,  the  Bermuda  high  forms  a  westward  exten- 
sion going  as  far  west  as  Lower  California.  The 
intense  surface  heating  and  orographic  lifting 
makes  this  situation  intensely  unstable  with 
thunderstorms  of  cloudburst  intensity 
LSONORA  weather). 

CONTLVLNTAL  TROPICAL  This  air  is 
r  untl  only  during  the  sunnner  forming  o\er  a 
snail  area  of  northern  Mexico,  western  Texas, 
New  Mexico,  and  eastern  Arizona.  It  can  be 
i.ientilied  '^y  its  extremely  high  surface  tempera- 
tures vcr>'  low  humidities,  large  diurnal- 
temperature  ranges,  and  infrequent  precipita- 
tion. Flying  conditions  are  excellent  with 
respect  to  weather,  but  clear  air  turbulence 
makes  foi  a  rough  ride. 

iMgure  5-S(A)  and  (B)  show  the  properties  ol' 
North  American  air  from  the  standpoint  of 
Hving  during  the  wintci  and  summer  seasons. 


CONTINENTAL  AKCTIC.-^Continental  Arc- 
tic (cA)  air  conies  into  Europe  from  the  north- 
east. It  is  much  more  frequently  felt  in  eastern 
Europe.  In  mild  winters  it  affects  western 
Europe  ver>'  little.  Severe  winters  in  western 
Europe  are  due  to  cA  air  behig  abnormally 
displaced  to  the  west.  In  the  warmer  months  it 
occurs  very  infrequently  in  westeri:  Europe. 

The  cA  air  in  Europe  undergoes  a  great  deal 
of  modification  as  it  spreads  out  over  the 
continent,  especially  in  the  west,  where  the  air, 
even  in  winter,  shows  the  results  of  a  great  deal 
of  mixing  and  stirring.  However,  in  and  near  the 
source  region  there  is  a  great  deal  of  stability  in 
the  low  layers. 

MARITIME  ARCTIC^-Maritime  Arctic  (mA) 
air  masses  spread  into  Europe  from  the  north. 
Due  to  its  rapid  movement  over  warm  seas,  it 
becomes  quite  unstable  (especially  in  winter) 
with  a  lapse  rate  close  to  the  saturated  adiabatic 
rate  in  all  layers.  The  air  is  not  greatly  dilTcrent 
from  maritime  polar  air,  whose  source  region  is 
to  the  west.  It  has  *'k''  characteristics  only. 
Outbreaks  of  this  air  (niAk)  occur  mostly  in 
winter,  with  only  occasional  outbreaks  of  such 
air  in  the  summer,  and  then  it  is  quite  shallow 
and  undergoes  modification  quickly. 

In  winter,  cold  rain  or  snow  showers  ac- 
company fresh  outbreaks  of  niA  air,  along  with 
a  great  deal  of  turbulence.  Where  orographic 
lifting  takes  place,  the  snowfall  is  extremely 
heavy.  These  niA  air  ma.sses  arc  sonietii^es  the 
cause  of  the  MLSTRALin  southern  France. 

MARITIME  POLAR.  Maritime  polar  (ml>) 
air  masses  predominate  in  western  Europe.  They 
are  quite  varied,  dependent  on  their  source 
regions  and  dynamic  effects.  With  cyclonic 
circulation  they  show  noticeably  tiie  effects  of 
stirring  and  convergence  and  a  steep  lapse  rate; 
with  anticyclonic  circulation  subsidence  and 
divergence  tend  to  cause  the  air  mass  to  have  a 
more  stable  lapse  rate. 

Mild  showers  accompany  fresh  outbreaks  of 
mP  air  with  "k''  characteristics.  However,  as  the 
air  spreads  over  the  continent,  it  becomes  stable 
in  winter.  It  becomes  more  unstable  in  the 
summer,  but  due  to  continental  heating,  it 
becomes  too  dry  to  cause  appreciable  shower 
activity. 


vir  >!asses  of  Europe 

lliKi  air  masses  of  Luiope  do  not  fit  neatly 
into  the  Mine  categories  as  those  of  North 
Auicrica.  Prinicipally,  this  i.sdue  to  the  fact  that 
the  atmospheric  separations  occur  at  a  ditTcrcnt 
nujc  values  of  temperature.  This  is  because 
I'lc  g^^'^graphical  environments  of  the  tuo  conti- 
H'Mits  differ  greatly.  The  continent  cf  North 
America  widens  toward  the  north,  the  opposite 
h  true  of  Europe  The  great  mountain  systems 
o\  NJortli  America  nin  north  and  south;  those  of 
Europe  are  oriented  east  ami  west. 
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Occasionally  niP  air  spreads  across  France  and 
into  the  Mediterranean  Sea  between  the  Pyr- 
eness  and  tli-  Alps  and  travels  eastward  as  far  as 
the  northwestern  coast  of  India  without  losing 
its  identity. 

CONTlNliNTAL  POLAR.-The  continental 
polar  (cP)  air  masses  of  Europe  are  sort  of 
neutral  air  masses  between  the  Arctic  air  and  the 
tropical  ajr.  Quite  frequently  they  are  simply 
modification  of  cA  air.  The  cP  air  is  especially 
widespread  when  a  retrograde  or  stationary 
anticyclone  exists.  Such  anticyclones  are  prev- 
alent in  northern  Europe  in  winter.  In  spring 
and  summer  they  occasionally  settle  over  the 
Caspian  and  Black  Sea  area,  bringing  cP  air  into 
Europe  through  the  Balkans  and  the  Ukraine. 

MARITIME  TROPICAL-Due  to  the  rela- 
tively low  temperatures  of  the  water  areas 
southwest  of  Europe,  the  occurrence  of  mari- 
time tropical  (niT)  nir  is  not  as  extreme  as  in  the 
United  States. 

The  nianlime  tropical  (niT)  air  of  Europe 
originates  south  and  east  of  the  large  semi- 
peniianent  anticyclones  of  the  Atlantic.  The  niT 
air  then  flows  around  the  center  of  the  anti- 
cyclone and  enters  Europe  from  the  north  or 
northwest, 

CONTINENTAL  TROPICAL.-European  con- 
tinental tropical  (cT)  air  masses  have  their 
source  regions  in  North  Africa  and  in  Asia 
Minor,  wiiere  the  air  is  unstable  but  very  dry. 
These  air  masses  appear  in  summer  and  winter, 
although  they  are  rare  in  winter.  As  they  move 
into  Europe,  much  moisture  is  added  and 
instability  showers  result.  Continental  air  is 
confined  to  southern  Europe,  in  the  Mediter- 
ranean region. 

Air  Masses  of  Asia 

As  expected,  over  the  vast  land  mass  of  Asia, 
the  air  masses  exhibit  even  more  extreme  prop- 
erties than  those  of  North  America.  The  coldest 
winter  air  masses  (with  the  exception  of  Antarc- 
tica) and  the  warmest  summer  air  masses  are 
pawned  in  Asia.  l"he  area  of  most  frequent 
cyclogenesis  in  the  world  is  the  Asiatic-Pacific 
area,  where  the  extremely  cold  Arctic  air  in 
winter  comes  into  contact  with  one  of  the 
warmest  ocean  areas.  In  summer,  one  of  the 
foggiest  regions  in  the  world  is  where  the  warm 


air  from  the  extensive  land  mass  or  from  the 
large  warm  ocean  areas  to  the  southwest  and 
south  conies  in  contact  with  the  cold  waters  of 
the  Oyashio. 

WINTER  AIR  MASSES.-The great  wmterair 
masses  of  Asia  show  the  effects  of  more  vertical 
mixing  than  do  their  counterparts  in  North 
America.  Tins  is  dne  to  the  more  general 
distribution  of  mountains  in  Asia  and  to  the 
strong  winds  of  the  winter  monsoon.  The 
towering  Himalayas  and  their  eastern  extensions 
prevent 'the  continental  air  masses  from  mixing 
with  the  tropical  air  from  the  south;  therefore, 
the  Asian  air  masses  arc  less  variable  than  those 
in  North  America. 

Similar  to  North  America,  the  temperatures 
are  lowest  near  the  ground  in  the  interior  of  the 
continent  of  Asia,  but  near  the  coast  at  conv 
parable  latitudes  the  temperatures  are  lower 
aloft. 

The  winter  air  masses  usually  have  moved 
across  vast  areas  of  water  before  they  encounter 
tropical  air.  On  reaching  the  warm  seas  they 
become  moisture  laden  and  unstable,  brhiging  to 
the  lee  side  of  mountains  on  the  principal  islands 
much  shower  activity.  These  air  masses  assume 
tropical  characteristics  by  the  time  they  reach 
the  tropical  seas. 

SUMMER  AIR  MASSES.-As  in  winter,  the 
air  masses  are  similar  to  those  in  North  America. 
In  summer,  the  monsoon  in  Asia  brings  tropical 
air  into  the  interior  from  the  southeast,  permit- 
ting considerable  interaction  of  air  masses.  The 
tropical  air  that  invades  India  and  China  in 
summer  is  extremely  warm  and  moist.  Some  air 
invades  India  and  the  Far  East  from  across  the 
Equator  from  the  Southern  Hemisphere.  The 
monsoon  air  may  often  be  classified  as  equa- 
torial. 


Air  Masses  of  the 
Southern  Hemisphere 

The  air  masses  of  the  Southern  Hemisphere 
are  predominantly  maritime.  This  is  due  to  the 
overwhelming  preponderance  of  ocean  areas. 
Great  meridional  transports  of  air  masses  as  they 
are  known  in  the  Northern  Hemisphere  are 
absent  because  the  westerlies  are  much  more 
developed  in  the  Southern  Hemisphere  than  in 


ERIC 


130 

13(5 


Chapter  5-AIR  MASSES,  FRONTS,  AND  CYCLONES 


the  Northern  Hemisphere.  Except  for  Antarc- 
tica, there  are  no  large  land  masses  in  the  high 
latitudes  in  the  Southern  Hemisphere;  this  pre- 
vents sizable  invasions  of  Antarctic  air  masses. 
The  large  land  masses  near  the  Equator,  on  the 
other  hand,  permit  the  extensive  development  of 
warm  air  masses. 

The  maritime  tropical  air  masses  of  the 
Southern  Hemisphere  are  quite  similar  to  their 
counterparts  of  the  Northern  Hemisphere.  In  the 
large  area  of  Brazil,  there  are  two  air  masses  for 
consideration.  One  is  the  regular  air  mass  from 
the  Atlantic  which  is  composed  of  unmodified 
niT  air.  The  other  originates  in  the  Atlantic;  but 
by  the  time  it  spreads  over  the  huge  Amazon 
River  basin,  it  undergoes  two  important 
changes:  the  addition  of  heat  and  moisture.  As  a 
result  of  strong  heating  in  summer,  a  warm  dry 
air  mass,  continental  tropical  (cT)  is  located 
from  so""  south  to  40""  south. 

The  maritime  polar  air  that  invades  South 
America  is  quite  similar  to  its  counterpart  in  the 
United  States.  Maritime  polar  air  occupies  by  far 
the  most  territory  in  the  Southern  Hemisphere, 
encircling  it  entirely  and  providing  the  mo- 
mentum for  the  great  west  wind  drift. 

Australia  is  a  source  region  for  continental 
tropical  air.  It  originates  over  the  vast  desert  area 
in  the  interior.  Except  along  the  eastern  coast, 
maritime  tropical  air  does  not  invade  Australia 
to  a  marked  degree.  This  air  is  brought  down 
from  the  north,  particularly  in  the  summer,  by 
the  counterclockwise  circulation  around  the 
South  Pacific  high. 

Antarctica  is  a  great  source  region  for  in- 
tensely cold  air  masses.  They  have  continental 
characteristics,  but  before  the  air  reaches  other 
land  areas,  it  becomes  modified  and  is  properly 
called  maritmie  polar.  The  temperatures  are 
colder  than  in  the  Arctic  regions.  Results  of 
Operation  Deepfreeze  have  revealed  the  coldest 
surface  temperatures  for  the  worid  to  be  in  the 
Antarctic. 

During  the  polar  night  the  absence  of  insola- 
tion causes  a  prolonged  cooling  of  the  snow 
surface  which  makes  Antarctica  a  permanent 
source  of  very  cold  air.  It  is  extremely  dry  and 
stable  aloft.  This  polar  air  mass  is  referred  to  as 
Continental  Antarctic  Air,  (cA). 

In  summer  the  continent  is  not  as  cold  as  in 
winter  due  to  constant  solar  radiation  but 


continues  to  function  as  a  source  for  cold  cA  air. 

In  both  winter  and  summer  the  air  mass  is 
thermally  modifie  i  as  it  flows  northward 
through  downslope  motion  and  surface  heating 
and  as  a  result  becomes  less  stable.  It  assumes 
the  characteristic  of  maritime  Antarctic  air.  The 
leading  edge  of  this  air  mass  then  becomcJ  the 
northern  boundary  of  the  Antarctic  front. 

To  the  north  of  the  Antarctic  front  is  found  a 
vast  mass  of  maritime  polar  air  which  extends 
around  the  hemisphere  between  40^S  and  68  S 
in  summer  and  between  34^S  and  65  S  in 
winter.  At  the  northern  limit  of  this  air  mass  is 
found  the  Southern  Hemisphere  polar  front. 
During  summer  this  mP  air  is  by  far  the  most 
important  cold  air  mass  of  the  hemisphere  due 
to  the  lack  of  massive  outbreaks  of  cold  conti- 
nental air  from  Antarctica. 

Different  weather  conditions  occur  with  each 
type  air  mass. 

1.  The  cA  produces  mostly  clear  skies. 

2.  The  mA  air  masses  are  characterized  gen- 
erally by  an  extensive  overcast  of  stratus  and 
stratocumulus  clouds  with  copious  snow  show- 
ers within  the  broad  zone  of  the  Antarctic  front. 

3.  An  area  of  transition  which  extends 
mainly  from  the  coastline  to  the  northern  edge 
of  the  consolidated  pack  ice  is  characterized  by 
broken  to  overcast  stratocumulus  clouds  with 
somewhat  higher  bases  and  little  precipitation. 

FRONTAL  CHARACTERISTICS 

A  FRONT  is  defined  as  the  point  of  inter- 
section of  a  frontal  surface  with  a  horizontal 
surface.  A  FRONTAL  SURFACE  is  a  surface  of 
separation  of  two  adjacent  air  masses  of  differ- 
ent densities,  temperatures,  and  moisture  co.n- 
tent.  It  is  taken  to  be  the  surface  adjacent  to  the 
warm  air.  In  reality,  the  discontinuity  between 
adjacent  air  masses  is  not  abrupt  enough  to 
warrant  such  a  narrow  definition.  For  this 
rea-on  the  concept  of  a  FRONTAL  ZONE  was 
introduced.  A  FRONTAL  ZONE  is  the  transi- 
tion zone  between  two  adjacent  air  masses  of 
different  densities,  bounded  by  a  frontal  surface. 
Since  the  temperature  distribution  is  the  most 
important  regulator  of  atmospheric  density,  a 
front  almost  invariably  separates  air  masses  of 
different  temperatures. 
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CONDITIONS  NECESSARY 
FOR  FRONTOGENESIS 

Frontogenesis  (the  fornidtion  of  a  new  front 
or  the  regeneration  of  an  old  one)  takes  place 
only  when  two  condition^  are  met.  (I)  Two  air 
masses  of  different  densities  exibt  adjacent  to 
one  another,  and  (2)  a  prevailing  wind  field 
exists,  bringing  them  together. 

There  are  three  basic  situations  which  are 
conducive  to  frontogenesis  and  which  satisfy  the 
two  basic  requirements.  They  are  as  follows. 

I.  The  windflow  is  cross-isothermal  as  illus- 
trated in  figure  5-9,  decreasing  in  speed  down- 
stream  and  Howing  from  cold  air  to  warmer  air. 
The  now  need  merely  be  cross-isothermal,  not 
perpendicular,  but  the  more  perpendicular  the 
cross-isothermal  tlow,  the  greater  the  intensity 
of  frontogenesis. 
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Figure  5'9.-Frontogenetic cross-isothermal  wind  flow. 


2.  The  winds  of  opposite  air  masses  move 
toward  the  same  point  or  line  in  a  cross- 
isothermal  flow.  A  classic  example  of  this 
situation  is  the  polar  front  where  cold  polar  air 
moves  southward  toward  warmei  temperatures 
and  warm  tropical  air  moves  northward  toward 
colder  temperatures.  The  boundary  between 
them  is  the  polar  front. 

3.  The  windstreams  have  formed  a  deforma- 
tion field  similar  to  the  ones  illustrated  in  figures 
5-10  and  5-1! 

A  deformation  field  consists  basically  of  a  col 
area  of  flat  pressure  with  two  opposing  highs 
and  two  opposing  lows.  It  has  two  axes  which 
have  their  origin  at  the  neutral  point  in  the  col. 
The  "y"  axis,  or  axis  of  contraction,  lies 


between  the  high  and  low  which  bring  the  air 
particles  toward  the  neutral  point.  The'*x''  axis 
lies  between  the  high  and  low  which  take  air 
particles  away  from  the  neutral  point  and  is 
known  as  the  axis  of  dilation. 

The  distribution  and  concentration  of  iso- 
therms in  the  deformation  field  determines 
whether  frontogenesis  will  result.  If  the  iso- 
therms form  a  large  angle  with  the  axis  of 
contraction,  frontogenesis  results;  if  a  small 
angle,  frontolysis  results.  It  has  been  shown  that 
in  a  perpendicular  deformation  field,  isotherms 
must  form  an  angle  of  45°  or  less  with  the  axis 
of  dilation  for  frontogenesis  to  occur  (fig. 
5-1 0(A)  and  (B)).  In  a  nonperpendicular  defor- 
mation field,  the  critical  angle  changes  corre- 
spondingly as  illustrated  in  figure  5-1 1(A)  and 
(B).  In  most  cases,  frontogenesis  will  occur  along 
the  axis  of  dilation.  At  any  rate,  frontogenesis 
will  occur  where  there  is  a  concentration  of 
isotherms  with  the  circulation  t^  sustain  that 
CO  ncentration. 

FRONTOLYSIS 

Frontolysis,  or  the  dissipation  of  a  front, 
occurs  when  either  the  temperature  difference 
between  the  two  air  masses  disappears  or  the 
wind  carries  the  air  particles  of  the  air  mass 
away  from  each  other.  Frontolytical  processes 
are  more  common  in  the  atmosphere  than  are 
frontogenetical  processes.  This  comes  about 
because  there  is  no  known  property  of  the  air 
which  is  conservative  with  respect  to  all  the 
physical  or  dynamical  processes  of  the  atmos- 
phere. The  theory  of  frontogenesis  is  based  on 
the  assumption  that  there  is  such  a  property  and 
that  it  is  temperature.  The  nonconservative 
(principally  nonadiabatic)  influences  on  temper- 
ature must  therefore  be  added  to  all  the  fronto- 
lytical processes. 

Frontolytical  processes  are  most  effective  in 
the  lower  layers  of  the  atmosphere  since  surface 
heating  and  turbulent  mixing  are  the  most 
intense  of  the  nonconservative  influences  on 
temperature. 

It  should  be  pointed  out  that  fo;  frontolysis 
to  occur,  only  one  of  the  two  conditions  stated 
above  need  be  met.  The  simultaneous  happening 
of  both  conditions  results  in  more  rapid  frontol- 
ysis than  if  only  one  factor  were  operative. 
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(A  )  IDEALLY  FRONTOGENETIC 


Y  \ 

(BJCRITICALLY  FRONTOGENETIC 
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(C)  IDEALLY  FRONTOLYTIC 


Figure  5.10.-Perpendicular  deformation  field. 
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5.11._Nonperpendicular  deformation  field. 


WORLD  FRONTOGENETICAL  ZONES 

Certain  regions  of  the  world  exhibit  a  high 
frequency  for  frontogenesis.  These  regions  are 
coincident  with  the  greatest  temperature  con- 
trasts Two  of  the  most  important  frontal  zones 
are  those  over  the  North  Pacific  and  the  North 
Atlantic  Oceans  as  discussed  in  chapter  2  of  this 
training  manual.  In  winter,  the  Arctic  front,  a 
boundary  between  polar  and  Arctic  air,  torms  in 
high  latitudes  over  Northwest  North  America, 
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the  North  Pacific,  and  near  the  Arctic  Circle 
north  of  Europe.  In  summer,  this  front  mainly 
disappears,  except  north  of  Europe. 

The  polar  front,  on  the  other  hand,  is  present 
the  year  round,  although  not  as  intense  in  the 
summer  as  in  the  winter,  due  to  a  lessening 
temperature  contrast  between  the  opposing  air 
masses.  This  front  forms  wherever  the  windflow 
and  temperature  contrast  is  favorable.  Usually  it 
is  the  boundary  between  tropica!  and  polar  air, 
but  it  may  fonn  between  maritime  polar  and 
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continental  polar  air.  It  also  may  exist  between 
modified  polar  air  and  a  fresh  outbreak  of  polar 
air  This  type  is  common  over  North  America  in 
the  continental  regions  in  winter  in  the  vicinitv 
of  50  N  lat.  ^ 

The  polar  front  in  winter  is  found  most 
frequently  off  the  eastern  coasts  of  continents  in 
the  neighborhood  of  30°  to  60°  latitude.  It  is 
also  found  over  land;  but  since  the  temperature 
contrasts  are  greater  between  the  continent  and 
the  oceans,  especially  in  winter,  the  coastal  areas 
are  more  favorable  for  formation  and  intensifica- 
tion. 

The  intertropical  convergence  zone,  though 
not  truly  a  front  but  a  field  of  convergence 
between  the  opposing  trades,  forms  a  third 
semipermanent  frontal  type.  This  region  shows  a 
seasonal  variation  just  as  do  the  trades.  The 
intertropical  (or  convergence  zone)  is  thor- 
oughly discussed  in  chapter  12  of  this  training 
manual. 

SLOPE  OF  A  FRONT 

When  we  speak  of  the  slope  of  a  front,  we  are 
speaking  basically  of  the  steepness  of  the  frontal 
surface,  using  a  horizontal  dimension  and  a 
vertical  dimension.  The  vertical  dimension  used 
is  normally  one  mile.  A  slope  of  l-*50  would  be 
considered  a  steep  slope  and  a  slope  of  P300  a 
gradual  slope.  Factors  favoring  a  steep  slope  are 
a  large  wind  velocity  difference  between  air 
masses,  small  temperature  difference,  and  high 
latitude. 

The  frontal  slope  therefore  depends  on  the 
latitude  of  the  front,  the  wind  speed,  and  the 
temperature  difference  between  the  air  masses. 

DISTRIBUTION  OF  ELEMENTS 
IN  A  FRONTAL  ZONE 

From  our  previous  discussion  and  definitions 
of  fronts,  it  was  implied  that  a  certain  geometri- 
cal and  meteorological  consistency  must  exist 
between  fronts  at  adjoining  levels.  It  can  also  be 
inferred  that  the  data  at  no  one  particular  level 
is  sufficient  to  locate  a  front  with  certainty  in 
every  case.  In  this  section  of  the  chapter  the 
horizontal  and  vertical  distribution  of  weather 
elements  in  a  frontal  zone  will  be  discussed. 


Temperatures 

Since  a  front  separates  two  different  air 
masses,  a  frontal  discontinuity  should  appear  on 
a  thermodynamic  diagram  as  a  straight  line 
joining  two  different  lapse  rate  curves.  The  top 
of  the  inversion  or  change  in  slope  of  the  lapse 
rate  would  indicate  the  lower  limit  of  the  warm 
air,  and  the  base  of  the  inversion  would  indicate 
the  depth  of  the  cold  air.  The  thickness  of  the 
frontal  zone  would  be  indicated  by  the  thickness 
of  the  inversion  layer.  However,  each  air  mass 
has  characteristics  which  were  acquired  in  its 
source  region,  but  have  been  modified  through 
changes  caused  by  vertical  motions,  surface 
temperature  influences,  addition  of  moisture 
from  evaporation  of  precipitation  falling 
through  the  cold  air  mass,  and  other  factors. 
Frontal  zones  therefore  arc  often  difficult  to 
identify  on  upper  air  soundings. 

The  frontal  discontinuity  is  not  always  an 
inversion  of  temperature.  The  degree  to  which 
the  frontal  zone  appears  pronounced  is  propor- 
tional to  the  temperature  difference  between 
two  air  masses. 

Therefore,  the  primary  indication  of  a  frontal 
zone  on  a  thermodynamic  diagram  is  a  decrease 
in  the  lapse  rate  somewhere  in  the  sounding 
below  400  mb.  The  decrease  in  lapse  rate  may 
be  a  slightly  less  steep  lapse  rate  for  a  stratum  in 
a  weak  frontal  zone  to  a  very  sharp  inversion  in 
strong  fronts.  In  additon  to  a  decrease  in  the 
lapse  rate,  there  is  usually  an  increase  in  mois- 
ture (a  concurrent  dewpoint  inversion)  at  the 
frontal  zone.  This  is  especially  true  when  the 
front  is  strong  and  abundant  cloudiness  and 
precipitation   accompany   it.  Figure  5- 1 2(A) 
shows  the  height  of  the  inversion   in  ^two 
different  parts  of  a  frontal  zone,  and  figure 
5-1 2(B)  shows  a  strong  frontal  inversion  with  a 
consequent  dewpoint  inversion. 

The  extent  of  the  discontinuity,  the  strength 
of  the  inversion  or  isothermal  layer,  and  the 
thickness  of  the  zone  of  discontinuity  depend 
on  the  discontinuity  between  the  air  masses; 
that  is,  the  frontal  intensity  and  the  width  of  the 
frontal  zone.  Fronts  are  drawn  on  weather  maps 
as  sharp  lines  of  discontinuity.  This  is  done  be- 
cause of  the  scale  of  the  charts.  If  the  air  masses 
were  separated  by  a  distinct  line,  the  lapse  rate 
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INDICATES  SLOPE  OF  FRONT 
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Figure  5-12.-(A)  Height  of  Inversion  and  thickness  of  Inversion 
indicate  frontal  slope  and  intensity;  (B)  frontal  inversion. 


through  the  front  would  appear  as  shown  in 
figure  5.13(A). 

This  lapse  rate  is  considered  the  ideal  lapse 
rate,  but  it  is  an  obviously  impossible  one 
because  two  pressures  and  temperatures  of 
different  value  cannot  coexist  at  the  same  level 
side  by  side.  Actual  lapse  rates  through  frontal 
zones  therefore  will  lie  between  those  as  illus- 
trated in  figure  5- 13(B),  (C),  and  (D). 

The  edge  of  the  frontal  zone  adjacent  to  the 
warm  air  is  referred  to  as  the  frontal  surface,  and 
it  is  actually  the  intersection  of  this  frontal 
surface  with  the  weather  map  which  is  indicated 
at  the  line  of  discontinuity. 

A  cold  front  usually  shows  a  marked  tempera- 
ture inversion.  Also,  higher  relative  humidity 
(dewpoint  and  mixing  ratio)  is  indicated  in  both 
the  air  masses  near  the  front. 

In  soundings  through  cold  front  transition 
zones,  the  dewpoint  ordinarily  is  lower  in  the 
upper  air  mass  if  that  air  mass  has  the  larger 
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Figure  5-13.-Discontinuities  through  a  frontal  zone. 
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hoii/onlal  wiiul  coinpoiieiil  loward  ihe  surface 
poMlion  of  the  fionl  and  ihcietbre  lias  a  new 
ilov.nw.uxl  mo  lion. 

the  air  above  ilie  coid  front  surface  lias  an 
upward  component  wlien  the  horizontal  wind 
•  omponenl  nomial  to  the  frontal  surface  de- 
trtMNvS  \vrth  height  through  the  transition  zone, 
in  ihCbv  cases,  the  dewpoint  usually  increases 
upward  thiough  a  relatively  well-marked  transi- 
'i<m  zone. 

(  old  fronts  generally  show  a  stronger  inver- 
.MOn  ilidn  warm  fronts,  and  the  inversion  will 
.ippc;tr  .11  successively  higher  levels  as  the  front 
niov  .s  past  a  station.  The  reverse  is  true  of  warm 
l.uiu...  Occluded  fronts  generally  .show  a  double 
iit.vfiioii.  However,  as  the  occlusion  process 
v.<>!iimues,  an  amalgamation  of  the  air  masses 
lakes  place,  and  the  inversions  are  wiped  out  or 
thoy  fuse. 

It  1^  very  important  in  raob  analysis  not  to 
confuse  the  subsidence  inversion  of  polar  and 
Aictic  .lir  masses  with  frontal  inversions.  Ex- 
(rojPely  cold  continental  Arctic  air.  for  instance, 
I  Mrong  inversion  which  extends  to  the 
/(>0-ijil>  level. 

^omL'inics  it  is  difficult  to  find  a  significant 
sUittk-  /one  on  a  particular  sounding,  though  it  is 
"■t  own  that  a  front  intersects  the  column  of  air 
•Hvr  given  station.  This  may  be  because  of 
.'di-jhati;  warming  of  the  descending  cold  air  just 
under  the  frontal  surface  or  excessive  local 
\erli.ji  mixing  in  the  vicinity  of  the  frontal 
'"■'n--  (  rider  conditions  of  .subsidence  of  the 
coki  air  beneath  the  frontal  .surface  the  sub- 
sidence invereion  within  the  cold  air  may  be 
nvn\-  marked  than  the  frontal  zone  itself. 
Vortical  wind  .shear  criteria  then  become  even 
more  important  in  the  ana!y.si.s. 

Sonietimes  fronts  on  a  raob  sounding  which 
mieiit  show  a  strong  inversion  often  are  accom- 
painal  by  little  weather  activity.  This  is  due  to 
subsidence  in  the  warm  air,  which  will 
itreiifithoii  the  inversion.  The  activity  at  the 
fiont  increases  only  when  there  is  a  net  upward 
vertical  motion  of  the  warm  air  mass. 

Polenlial  rcmperatuie 

f'()len!!.il  temperature  is  a  con.servative  air 
mass  property. 


If  the  potential  temperature  of  a  frontal 
surtace  has  been  deteniiined  from  the  soundings 
and  no  representative  temperatures  that  high  can 
be  found  at  the  ground  in  the  area  where  the 
rontal  .surtace  should  be  expected  to  intereect 
the  ground,  the  front  is  designated  on  the 
surtace  chart  as  an  "upper  front"  if  the  stratum 
01  air  over  which  this  upper  front  lies  is  1,500 
teet  or  more  in  thickness.  True  fronts,  therefore 
would  not  be  crossed  by  potential  temperature 
lines.  In  nature,  however,  true  discontinuities  do 
not  occur:  mixing  takes  place  in  the  frontal 
zone.  There  is  usually  a  crowding  of  potential 
temperature  lines  at  fronts. 

The  potential  temperature  of  the  top  of  the 
frontal  zone  is  practically  independent  of  eleva- 
tion, except  for  a  slight  increase  at  higher  levels. 
For  example,  in  the  cooler  season  the  potential 
temperature  (0)  of  the  polar  front  may  increase 
from  298  K  near  the  surface  to  302°K  at  the 
500-mb  level.  The  0  of  the  frontal  surface  may 
also  vary  in  the  horizontal,  depending  upon  the 
distribution  of  0  in  the  warm  air  mass.  Fronts 
tend  to  have  their  highest  potential  temperatures 
m  the  Southwest  United  States,  when  they  are 
next  to  continental  tropical  air  which  has  a  0  of 
about  308°  to  312°K  in  the  warmer  seasons, 
l-ronts  in  contact  with  maritime  tropical  air 
(polar  front.s)  have  lower  values  of  potential 
temperature,  about  300°K.  During  the  winter 
months  the  0  of  the  polar  front  is  about  298°K 
In  the  warmer  season  the  polar  front  is  found  at 
nUol  302  K.  The  Arctic  front  is  generally  found 
at  a  potential  temperature  of  about  286*'K. 

Wind 


Since  winds  near  the  earth's  surface  blow 
mainly  along  the  isobars  with  a  slight  drift 
toward  lower  pressure,  it  follows  that  the  wind 
direction  in  the  vicinity  of  a  front  must  conform 
with  the  refraction  of  the  isobars.  The  arrows  in 
figure  5-14  indicate  the  winds  that  correspond 
to  tl.o  pressure  distribution. 

From  this  it  can  be  seen  that  a  front  is  a 
WIND  SHIFT  LINE  and  that  wind  shifts  in  a 
cyclonic  direction.  Since  the  front  moves  in  the 
direction  of  the  wind  component  normal  to  the 
front  (heavy  arrow  on  diagram),  we  can  evolve 
the  following  rule:  IF  YOU  STAND  WITH 
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YOUR  BACK  AGAINST  Tllli  WIND  IN  AD- 
VANCE OF  THB  FRONT,  TUB  WIND  WILL 
SHIFT  CLOCKWISH  (VEfiR)  AS  THE  FRONT 
PASSES, 

The  speed  of  the  wind  depends  upon  the 
pressure  gradient.  Thus,  in  figure  5- 14(A)  the 
speed  will  be  about  the  same  in  both  air  masses; 
in  (B)  and  (C)  a  relatively  strong  wind  is 
followed  by  a  weaker  wind,  and  in  (D)  a  weak 
wind  is  followed  by  a  strong  wind. 

An  essential  characteristic  of  a  frontal  zone  is 
a  wind  discontinuity  through  the  zone.  The 
wind  normally  increases  or  decreases  in  speed 
with  height  through  a  frontal  discontinuity. 
Backmg  usually  occurs  through  a  cold  front  and 
veering  through  a  warm  front.  The  sharpness  of 
the  wind  discontinuity  is  proportional  to  the 
temperature  contrast  across  the  front  and  the 
pressure  field  in  the  vicinity  of  the  front  (the 
degree  of  convergence  between  the  two  air 
streams).  With  the  pressure  field  constant,  the 
sliarpness  of  the  frontal  zone  is  proportional  to 
the  temperature  discontinuity  (no  temperature 
discontinuity-no  front;  thus,  no  wind  dis- 
continuity). The  classical  picture  of  the  variation 
in  wind  along  the  vertical  through  a  frontal  zone 
is  shown  mi  figure  5-15. 

An  example  of  a  frontal  zone  and  the  winds 
through  the  frontal  zone  is  shown  in  figure  5-16. 

On  this  sounding  the  upper  winds  above  the 
surface  layer  which  show  the  greatest  variation 
are  those  in  the  800-  to  650-mb  layer  This 
indication  coincides  closely  with  the  frontal 
indications  of  the  temperature  (T)  and  dewpoint 
(Tii)  curves.  Since  the  wind  veers  with  height 


through  the  layer,  the  front  would  be  the  warm 
type. 

The  thermal  wind  can  also  be  valuable  indi- 
cator for  the  location  of  frontal  zones.  The 
magnitude  of  the  thermal  wind  for  a  layer 
indicates  the  strength  of  the  horizontal  gradient 
of  mean  temperature  of  the  layer.  Since  a 
frontal  zone  defines  a  layer  of  maximum  hori- 
zontal thermal  gradient,  it  also  represents  a  zone 
of  maximum  thermal  wind.  Furthennore,  since 
the  thennal  wind  blows  parallel  to  the  mean 
isotherms  for  the  layer  (with  cold  air  to  the 
left),  the  direction  of  the  thermal  wind  vector  is 
roughly  representative  of  the  directional  orienta- 
tion of  the  front.  The  winds  aloft  for  the 
.sou.iding  shown  in  figure  5-16  are  seen  plotted 
as  a  hodograph  in  figure  5-17. 

The  thermal  wind  is  indicated  by  the  shear 
vector  connecting  the  wind  vectors  for  the  base 
and  top  of  each  layer.  The  maxinuini  thermal 
wind  is  found  between  700  and  650  mb, 
supporting  the  previous  frontal  indications.  The 
direction  of  the  thermal  wind  vector  from  <S00 
to  650  mb  is  roughly  north-south;  the  frontal 
zone  could  thus  be  assumed  to  be  oriented  along 
a  generally  north-south  Jine. 

In  conclusion,  the  vertical  wind  shift  through 
a  frontal  zone  depends  on  the  direction  of  the 
slope.  In  cold  fronts  the  wind  backs  with  height, 
and  cold  advection  is  therefore  indicated.  In 
warm  fronts  the  wind  veers  with  height,  indicat- 
ing warm  air  advection.  At  the  surface,  the  wind 
ALWAYS  veei-s  across  the  front  and  the  isobars 
have  a  cyclonic  kink  which  points  toward  higher 
pressure.  Sometimes  the  a.ssociated  pressure 
trough  is  not  coincident  with  the  front;  in  such 
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Figure  5-14.-Types  of  isobars  associated  with  fronts. 
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Figure  S-lS.-Vertical  distribution  of  wind  direction  In  the  vicinity  of  frontal  surfaces. 
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cases  there  may  not  be  an  appreciable  wind  shift 
across  the  front-only  a  speed  discontinuity. 
When  the  lowest  pressure  in  the  associated 
trougli  is  found  ahead  of  the  front,  the  winds  are 
of  the  same  direction,  but  the  speed  is  greater 
BEHIND  the  front.  When  the  lowest  pressure  in 
the  associated  trough  is  found  behind  the  front, 
the  wind  direction  is  the  same  on  either  side  of 
the  front,  but  the  wind  speed  is  greater  AHEAD 
of  the  front.  The  reason  for  all  of  the  foregoing 
is  that  a  front  must  have  a  cyclonic  shear  across 
it  to  be  a  front.  When  the  cyclonic  shear 
disappears,  so  does  the  front.  The  reasoning 
behind  this  cyclonic  shear  requirement  can  be 
found  in  Margules  equation  of  frontal  slopes. 
The  direction  of  the  slope  is  determined  by  the 
wind  speed  difference  between  the  cold  air  and 
the  warm  air.  The  sign  of  the  difference  deter- 
mines the  direction  of  the  slope  with  the 
qualification  that  the  slope  must  be  toward  the 
cold  air.  The  potentially  warmer  air  always  lies 


over  the  potentially  colder  air.  This  is  also 
demonstrated  by  actual  upper  air  soundings 
where  it  will  be  found  that  a  specific  potential 
temperature  is  always  found  at  a  higlier  altitude 
in  the  cold  air  than  in  the  warm  air.  Stated  in  a 
different  manner,  the  potential  temperature  in 
the  warm  air  is  higlier,  level  for  level. 

Qouds  and  Weather 

Cloud  decks  are  usually  in  the  warm  air  mass 
due  to  the  upward  vertical  movement  of  the 
warm  air.  Clouds  forming  in  the  cold  air  mass 
are  due  to  evaporation  of  moisture  from  i;recipi- 
tation  from  tl^e  overlying  warm  air  mass  and/or 
by  vertical  lifting.  Convergence  at  the  front 
results  in  a  lifting  of  both  types  of  air.  The 
stability  of  the  air  masses  determines  the  cloud 
and  weather  structure  at  the  fronts  as  well  as  the 
weather  in  advance  of  the  fronts. 
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igure  5-1 6.- Distribution  of  wind  and  temperature  through  a  warm  frontal  zone. 


CLASSIFICATION  OF  FRONTS 

The  frontal  characteristics  described  so  far  are 
general  characteristics  of  fronts  and  may  be 
applied  as  to  whether  cold  air  replaces  warmer 
air  or  warm  air  replaces  colder  air.  Some  specific 
cases  were  mentioned  to  illustrate  frontal  char- 
acteristics. However,  depending  upon  the  move- 
ment of  the  front  and  the  stability  conditions  of 
the  air  masses,  a  number  of  additional  character- 
istics must  be  considered.  Fronts  are  classified  as 
follows  (motion  relative  to  the  warm  and  cold 
air  masses  is  the  criterion): 

1.  COLD  FRONT.  A  cold  front  is  one  that 
moves  in  a  direction  in  which  cold  air  displaces 
warm  air  at  the  surface. 

2.  WARM  FRONT.  A  warm  front  is  one 
along  which  wanner  air  replaces  colder  air. 

ERIC 


3.  QUASI-STATIONARY  FRONT.  This  type 
front  is  one  along  which  one  air  mass  does  not 
appreciably  replace  the  other. 

4.  OCCLUDED  FRONT.  An  occluded  front 
is  one  where  the  cold  front  overtakes  the  warm 
front  and  the  warm  air  is  squeezed  "Pward.  The 
occluded  front  may  be  either  a  WARM  FRONT 
TYPE,  one  in  which  tHe  cool  air  behind  the  cold 
front  overrides  the  colder  air  in  advance  of  the 
warm  front,  resulting  in  a  cold  front  aloft;  or  a 
COLD  FRONT  TYPE,  one  in  which  the  cold  air 
behind  the  cold  front  underrides  the  warm  front 
and  the  v  rm  front  is  aloft. 

FRONTAL TYPES 

Whether  a  kont  is  to  be  classed  as  quasi- 
stationary,  war.n,  or  cold  is  determined  on  the 
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Figure  5-17.-Hodograph  of  observed  and  thermal  winds  for  sounding  in  figure  5-16. 
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basis  of  the  instantaneous  or  known  direction  ot 
movement.  Past  movements  for  3  to  6  hours 
may  be  used  as  a  guide.  The  instantaneous 
direction  of  motion  is  determined  insofar  as 
possible  on  the  basis  of  actual  winds  in  the  cold 
air  rather  than  on  geostrophic  winds.  If  repre- 
sentative wind  obser\'ations  in  the  cold  air  are 
not  available,  the  direction  of  the  front  can  be 
inferred  from  the  pressure  gradient  and  past 
history  of  evidence  of  passage  of  the  front  at 
individual  stations. 

If  isobars  intersect  the  front  with  low  pressure 
to  the  north  (westerly  winds)  and  colder  air  is  to 
the  west,  the  front  is  usually  a  cold  front.  The 
following  examples  illustrate  this  point: 

1.  If  isobars  with  easterly  type  flow  are 
cyclonic  or  straight  in  the  colder  air  mass,  the 


designation  will  usually  be  a  warm  front,  be- 
cause cyclonic  curvature  means  ordinarily  that 
there  is  a  component  of  motion  of  the  cold  air 
away  from  the  front.  In  this  case  the  direction 
of  motion  of  the  front  is  consistent  with  that 
indicated  by  the  pressure  gradient  along  the 
front.  (See  fig.  5-18.) 

2.  !f  isobars  with  easterly  type  flow  are 
anlicyclonic  in  the  colder  air  mass,  the  designa- 
tion will  usually  be  cold  or  quasi-stationaiy,  as 
illustrated  in  figure  5-19, 


This  case  occurs  only  when  the  pressure 
gradient  along  the  front  is  slight,  or  the  isobars 
cross  the  front  only  at  relatively  long  intervals  of 
distance. 
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Figure  5-18. -Warm  front  in  an  easterly  flow. 


AG.473 

Figure  5*19.-Cold  and  quasi-stationary  fronts 
in  an  easterly  flow. 

Warm  Fronts 

Normally,  the  eastern  part  of  the  frontal 
system  of  any  nonoccludeil  cyclone  or  open 
wave  is  properly  designated  as  a  warm  front,  but 
there  may  be  some  cases  of  open  waves  where 
caution  is  necessctry  because  high-pressure  condi- 
tions on  the  cold  air  side  ma>  prevent  movement 
of  (he  front,  the  designation  such  cases  is 
usually  quasi-stationary. 

Cold  F'ronts 

A  surface  front  is  indicated  as  "cold'*  if  the 
low-level  wind  direction  in  the  cold  air  along  any 
appreciable  segments  of  the  front  has  a  compo- 
nent, however  small,  toward  (he  front  or  into 


the  warm  air.  If  the  cold  air  wind  component 
toward  the  front  is  very  small,  the  quasi- 
stationary  character  of  the  front  may  be  indi- 
cated. 

A  problem  sometimes  arises  during  the  winter 
seasons  when  such  a  cold  wind  component 
toward  the  warm  air  exists;  but  because  of 
daytime  heating,  the  leading  edge  is  continually 
destroyed  and  the  front  appears  to  remain 
stationary  and  may  even  retrograde  during  the 
day.  The  policy  is  to  continue  to  indicate  this 
front  as  cold,  since  the  cold  air  component  is 
toward  the  warm  air.  Actually,  the  cold  air  will 
make  progress  toward  the  warm  at  night,  in 
keeping  with  its  designation  as  a  cold  front.  This 
condition  is  encountered  especially  with  mP 
fronts  from  the  Pacific  moving  into  the  interior 
of  the  Pacific  Northwest  States  in  summer. 

The  only  criterion  for  classification  of  a  front 
as  cold  is  its  direction  of  motion,  requiring  that 
the  component  of  true  horizontal  surface  wind 
in  the  cold  air,  perpendicular  to  the  front  a.^d 
adjacent  to  it,  be  directed  toward  the  warm  air. 
The  true  wind  may  be  different  from  the 
corresponding  component  of  the  geostrophic 
wind,  as  illustrated  in  figure  5-19.  With  south- 
ward moving  cold  fronts  along  the  east  slope  of 
the  Rockies,  true  winds  in  the  cold  air  arc 
sometimes  nearly  perpendicular  to  both  the 
front  and  the  sea  level  isobars. 

Occluded  Fronts 

The  Aerographer*s  Mate  should  designate  as 
"occluded  fronts'*  only  those  fronts  which  result 
from  the  classic  occlusion  process  that  takes 
place  when  an  unstable  wave  develops  along 
what  was  originally  a  single  front. 

For  example,  if  a  cold  type  occlusion  over- 
takes  a  warm  or  stationary  front  along  the  north 
Pacific  coast  and  is  forced  aloft,  the  coastal 
warm  front  overtaken  is  not  then  indicated  as  a 
warm  type  occlusion  because  it  is  not  the  result 
of  a  normal  occlusion  process  from  an  unstable 
wave.  There  are  several  reasons  for  this  conven- 
tion, one  being  that  the  process  illustrated  by 
this  example  is  usually  not  accompanied  by 
cyclonic  development,  and  another  that  the 
potential  temperatures  along  the  two  frontal 
surfaces  may  be  widely  different;  whereas,  with 
the  normal  occlusion  process,  the  temperatures 
along  the  two  fronts  are  initially  about  the  same. 
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A  situation  similar  to  the  overtaking  of  a 
coastal  warm  front  occurs  wlicn  maritime  polar 
air  from  the  Pacific  overtakes  a  quasi-stationary 
Arctic  front  along  the  eastern  slope  of  the 
Continental  Divide.  In  this  case  the  best  practice 
is  to  continue  to  designate  the  portion  of  the 
Arctic  front  overtaken  by  the  new  surge  of  mP 
air  as  quasi-stationary,  cold,  or  warm,  as  appro- 
priate, and  not  as  a  warm  type  occlusion.  In  this 
case  the  two  fronts  have  markedly  different 
potential  temperatures,  and  it  is  possible  under 
proper  circumstances  for  a  wave  to  then  form 
idong  the  Arctic  front  and  progress  to  the 
occluded  state. 

WARM  0CCLUS10NS.--A  warm  occlusion, 
or  warm-front  type  occluded  front,  develops 
when  the  temperature  of  the  leading  edge  of  the 
cold  front,  as  it  overtakes  the  warm  front,  is 
higher  than  that  of  the  warm  front  at  the  point 
of  contact.  The  term  ''warm  occlusion"  is 
applied  to  that  portion  of  the  surface  warm 
front  which  has  been  overtaken  by  the  cold 
front,  provided  the  process  is  that  of  an  unstable 
occluding  wave  cyclone.  The  warm  occlusion 
usually  develops  in  the  Northern  Hemisphere 
when  conditions  to  the  north  of  the  warm  front, 
such  as  the  existence  of  an  anticyclone,  maintain 
low  temperatures  north  of  the  warm  front  while 
the  trajectory  of  the  cold  air  behind  the  cold 
front  is  such  as  to  cause  warming.  The  cold 
front,  in  this  case,  contiimes  as  an  upper  cold 
front  above  the  warm  front  surface. 

A  special  case  arises  when  the  center  of  a  low 
having  a  warm  type  occlusion  moves  along  the 
occlusion  or  when  a  new  low  develops  along  the 
occlusion  or  at  the  apex  of  the  warm  sector. 
When  this  happens,  the  original  warm  type 
occlusion  necessarily  reverses  direction  and  be- 
gins to  move  toward  the  west  or  south  as  a  cold 
front.  In  order  to  avoid  confusion,  since  the 
front  no  longer  moves  as  a  warm  front  and  is  not 
by  history  a  cold  type  occlusion,  the  front 
shouid  be  redesignated  as  a  "simple  cold  front." 

COLD  OCCLUSIONS.-A  cold  occlusion,  or 
cold-front  type  occluded  front,  develops  when 
the  temperature  of  the  leading  edge  of  the  cold 
front,  as  it  overtakes  the  warm  front,  is  lower 
than  that  of  the  warm  front  as  the  point  of 
contact.  The  term  "cold  occlusion"  is  applied  to 
that  portion  of  the  surface  cold  front  which  has 


overtaken  the  surface  warm  front,  provided  the 
process  is  that  of  an  unstable  occluding  wave 
cyclone.  Cold  occlusions  are  more  frequent  than 
wann  occlusions.  The  lifting  of  the  warm  front 
as  it  is  underrun  by  the  cold  front  implies 
existence  of  an  upper  warm  front  to  the  rear  of 
the  cold  occlusion;  actually  such  a  warm  front 
aloft  is  rarely  discernible  or  significant. 

Most  fronts  approaching  the  Pacific  coast  of 
North  America  from  the  west  are  cold  occlu- 
sions. In  winter  these  fronts  usually  encounter  a 
shallow  layer  of  surface  air  near  the  coastline, 
from  about  Oregon  northward,  that  is  colder 
than  the  leading  edge  of  cold  air  to  the  rear  of 
the  occlusion.  Sometimes,  especially  off  British 
Columbia,  this  coastal  layer  of  cold  air  extends 
far  enough  outward  from  the  coastline  to 
warrant  its  delineation  by  a  surface  stationary 
front.  The  usual  practice  in  these  cases  is  to 
continue  to  designate  the  cold  occlusion  as 
though  it  were  a  surface  front  because  of  the 
sliallowness  of  the  layer  over  which  it  rides. 
Ordinarily  the  portion  of  the  coastal  stationary 
front  which  has  been  overtaken  by  the  occlusion 
may  be  dropped  from  the  analysis  and  should  be 
completely  dropped  after  the  entire  occlusion 
has  moved  inland.  The  coastal  stationary  front 
itself  is  prevented  by  topographic  features  from 
moving  inland,  at  least  beyond  the  higher 
mountains  which  are  generally  within  100  miles 
of  the  coastline.  The  passage  of  the  cold  type 
occlusion  over  the  coastal  layer  of  colder  air 
presents  a  difficult  problem  of  analysis  in  that 
no  surface  wind  shift  will  ordinarily  occur  at  the 
exact  time  of  passage.  However,  a  line  of 
stations  reporting;;  surface  pressure  rises  is  the 
best  criterion  of  its  passage.  This  should  be 
verified  by  reference  to  plotted  raob  soundings 
where  available.  When  a  Pacific  cold  occlusion 
moves  farther  inland,  it  may  encounter  colder 
air  of  appreciable  depth  over  the  Plateau  or 
Western  Plains  areas,  in  which  case  it  should  be 
redesignated  as  an  "upper  cold  front." 

Quasi-Stationary  Fronts 

A  front  is  classed  as  "quasi-stationary"  if 
there  is  no  movement  of  cold  air  normal  to  it  or 
if  the  amount  of  movement  is  too  small  for  its 
direction  to  be  determined,  as  may  be  the  case 
with  minor  undulations  along  the  front. 
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The  quasi-stationary  designation  tends  to  be 
used  too  frequently.  Many  of  the  fronts  so 
designated  move  slowly  but  steadily  in  one 
direction  or  the  other.  For  example,  a  front 
moving  10  miles  per  hour  between  stations  70 
miles  apart  could  be  found  on  three  successive 
3-hourly  synoptic  maps  still  between  the  same 
stations.  Such  fronts  are  actually  slowly  moving 
cold  fronts  or  slowly  moving  warm  fronts,  and 
should  be  thus  designated.  Fronts  which  are 
often  designated  ''quasi-stationary"  by  succes- 
sive analysts  on  many  map  sequences  may  be 
found  to  have  traversed  great  distances  in  12  to 
24  hours,  not  infrequently  200  o  300  miles. 

A  special  type  of  quasi-stationary  front  which 
is  frequently  very  well  marked  by  wind  and 
dewpoint  discontinuity  as  the  surface  is  the 
so-called  dewpoint  front  extending  north-south 
usually  through  Texas  and  Oklahoma;  for  ex- 
ample, during  the  warmer  months.  This  line  of 
demarcation  between  hot  cT  to  the  west  and 
cooler  mT  air  to  the  east  either  slopes  upward  to 
the  east  or  is  nearly  horizontal.  The  hot  dry  cT 
air  of  the  Southwest  United  States  is  therefore 
usually  continuous  with  warm  dry  air  aloft  over 
the  Central  Plains  area  and  southern  United 
States.  Since  this  discontinuity  rarely  moves  east 
of  about  the  longitude  of  Dallas,  Texas,  and  is  a 
climatological  feature  of  thf*.  region,  Analysis 
Centers  at  times  unfortunately  do  not  designate 
it  as  a  front. 

FRONTAL  INTENSITY 

No  completely  acceptable  set  of  criteria  is  in 
existence  as  to  the  determination  of  frontal 
intensity,  as  it  depends  upon  a  number  of 
variables.  Some  of  the  criteria  which  may  be 
helpful  in  delineating  frontal  intensity  are  dis- 
cussed in  the  following  paragraphs. 

Turbulence 

Except  when  turbulence  or  gustiness  may 
result,  weather  phenomena  are  not  taken  into 
account  when  specifying  frontal  intensity,  be- 
cause a  front  is  not  defined  in  terms  of  weather. 
A  front  may  be  intense  in  terms  of  discontinuity 
of  density  across  it,  but  may  be  accompanied  by 
no  weather  phenomena  other  than  strong  winds 
and  a  drop  in  temperature.  A  front  which  would 
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otherwise  be  classified  as  weak  is  considered 
moderate  if  turbulence  and  gustines^  are  prev- 
alent along, it,  and  an  otherwise  modeicite  front 
is  classified  as  strong.  The  term  gustiness  for  this 
purpose  is  taken  to  include  convective  phe- 
nomena such  as  thunderstorms  and  strong  winds 
regardless  of  the  amount  of  wind  shear. 

Temperature  Gradient 

Temperature  gradient,  rather  than  true  differ- 
ence of  temperature  across  the  frontal  surface,  is 
used  in  defining  the  frontal  intensity  in  terms  of 
temperature.  The  temperature  difference  be- 
tween the  two  air  masses  does  not  occur  across  a 
surface  of  zero  thickness  as  required  for  the  true 
definition  of  a  front.  Rather,  the  difference  is 
distributed  across  a  transition  zone  which  is 
usually  some  25  to  50  miles  in  width.  In 
addition,  there  is  normally  a  temperature  gradi- 
ent away  from  the  front  in  the  cold  air  mass. 

Occasionally,  autographic  records  of  frontal 
passages  indicate  that  in  addition  to  the  transi- 
tion zone  there  is  sometimes  a  change  of 
temperature  at  the  instant  of  arrival  of  the  cold 
air,  which  suggests  a  neariy  perfect  discontinuity 
of  density  across  the  front.  This  is  usually  in 
addition  to  a  greater  net  decrease  of  temperature 
across  the  transition  zone. 

Temperature  gradient,  when  determining 
frontal  intensity,  is  defined  as  the  difference 
between  the  representative  warm  air  imme- 
diately adjacent  to  the  front  and  the  represeta- 
tive  surface  temperature  100  miles  from  the 
front  on  the  cold  air  side.  By  convention,  the 
transition  zone  is  taken  to  be  part  of  the  cold  air 
mass. 

A  suggested  set  of  criteria  based  on  the 
horizontal  temperature  gradient  just  described 
has  been  devised.  It  defines  a  weak  front  as  one 
where  the  temperature  gradient  is  less  than  lO^F 
per  100  miles;  a  moderate  front  where  the 
temperature  gradient  is  10""  to  20''F  per  100 
miles;  and  a  strong  front  where  the  gradient  is 
over  20''F  per  100  miles. 

The  850-mb  level  temperatures  may  be  used 
in  lieu  of  the  surface  temperatures  if  representa- 
tive surface  temperatures  are  not  available  and 
the  terrain  elevation  is  not  over  3,000  feet.  Over 
much  of  the  western  section  of  the  United 
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iliL  /UU-ml)  level  temperatures  ean  bu 
t  .  !     '  •lu  I'tlu*  .uiface  temperatures. 

'   .  Nl;^..*r  nia>  be  either  the  vei^tur 

'!  'vls^       ^.omponents  of  surfaee  geo- 

,    .    .  mjkI  p.ir.illel  to  and  immediately  on 
kA'  the  front  or  the  1,000-500  mb 
■  '  li  xviiid  shear. 

NtMlacc  v»ind  Shear 

!  vontrast  (shear)  is  normally  taken  as 
;      .  .     .jflvicncc  between  tne  eumponents 
.        /tostiophic  wJnd  parallel  to  and 
on  either  side  of  the  front,  as 
iVi  I        ,H  lU'urc  5-20. 

'Vv*    .i,:J   'X'"*   in   the   figure  are  veetoi:s 
u  .         ihc  computed  geostrophie  wind  in 
.        .  .Aid  cold  air,  respeetively,  and  the  '*vv" 
!     "  .:f,-  ihe  r^^spective  components  parallel 
t.'  r!.v     *a«  latA)-  the  wind  contrast  is  w-  (-c) 
^  ^     mk\  iii  (B)  it  is  w  -  e, 

*!  vViiu!  Shear 

!  ic        Tuo^t  important  properties  ascribed 
I'  ,  :\'i\U\  boundries  by  the  National  Meteor- 
t\..ti.r  (NMC)  a,,  a  pressure  gradient 
*  .        .iud  a  three-dimensional  tenipera- 
t  discontinuity.  The  frontal  intensity 

.   '  -l^cJ  dircc^tly  upon  the  intensity  of 
\       L^fadicnt  discontinuity  (to  be  dis- 


cussed in  a  later  section)  and  upon  weather 
along  the  front  from  which  intensity  is  taken  as 
a  measure  of  the  convergence. 

In  actual  practice,  the  average  thermal  wind 
over  a  5-degree  band  on  both  sides  of  the  iVont 
is  determined  by  averaging  the  thermal  Windsor 
computing  them  from  the  thickness  gradient. 
The  thermal  wind  shear  is  converted  into  fi')ntal 
intensity  using  the  following  relationships. 

If  the  thermal  wind  shear  is  equal  to  or  less 
than  25  knots,  no  front  exists  or  frontolysis  is  in 
progress:  if  the  thermal  wind  shear  is  greater 
than  25  knots,  but  equal  to  or  less  than  50 
knots,  it  is  a  weak  front  or  frontogenesis  is  in 
progress,  if  the  thermal  wind  shear  is  gieater 
than  50  knots  but  equal  to  or  less  than  75  knots, 
the  front  is  of  moderate  intensity;  and  if  the 
thermal  wind  shear  is  over  75  knots,  the  front  is 
St  rong. 

NMC  ulso  niudincs  the  int.,nsities  of  fronts  on 
the  basis  uf  observed  we*ither  associ<ited  with 
the  front.  Clear  skies  and  weak  or  no  surface 
wind  shift  decrease  the  intensity  one  category. 
Moderate  to  heavy  precipitation  or  pronounced 
surface  wind  shifts  increase  the  intensity  one 
cale^iory, 

POLAR  FRONT  THEORY 

The  puKir  regions  jre  dominated  by  cold  an 
masi>es  and  the  f  rupius  by  v<ann  air  masses.  The 
middle  latitudes  are  regions  where  cold  and 
warm  air  masses  continually  interact  with  each 
other,  the  cold  *iir  moving  southward  and  the 


AG,474 

^  ;4»re  5-20.- Determination  of  wind  shear  across  a  front  for  determination  of  frontal  intensity.  (A)  Wind 
i.ornponents  in  opposite  direction;  (B)  wind  components  parallei  to  front  in  the  same  direction. 
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warm  air  moving  aortliwaiJ  in  altcniating 
tongues  or  waves.  The  zone  which  separates 
these  air  masses  is  the  polar  front.  When 
conditions  are  Tavorable,  cxtratropical  c\ clones 
develop  on  tlie  polar  front.  The>  form  as 
wavelike  perturbations  on  the  front  and  go 
through  a  life  cycle.  Thib  cycle  can  be  either  of 
two  patterns,  that  of  stable  waves  or  unstable 
waves. 

STABLE  WAVES 

A  stable  wave  is  one  that  neither  develops  noi 
occludes,  but  appears  to  remain  in  about  the 
same  state.  Stable  waves  are  usually  of  small 
amplitude  and  have  a  fairly  regular  rate  and 
direction  of  movement. 

UNSTABLE  WAVES 

This  type  wave  is  b>  far  the  more  common 
that  is  experienced  with  development  along  the 
polar  front.  The  amplitude  of  this  wave  increases 
with  time  until  tlie  occlusion  process  sets  in.  and 
when  the  occlusion  process  is  complete,  the 
polar  front  is  reestablished. 

Figure  5-21  illustrates  the  development  and 
occlusion  of  an  unstable  wave  cyclone. 

In  its  initial  stage  of  development  the  polar 
front  separates  the  polar  easterlies  from  the 
midlatitude  westerlies  (A),  the  small  disturbance 
due  to  the  steady  state  of  the  wind  is  often  not 
obvious  on  the  weather  map.  Uneven  local 
heating,  irregular  terrain,  or  wind  shear  between 
the  opposing  air  currents  ma>  start  a  wavelike 
perturbation  on  the  fp>nt  (B),  if  this  tendency 
pei"sists  anil  the  wave  increases  in  amplitude,  a 
counterclockwise  (cyclonic)  circulation  is  set  up. 
One  section  of  the  front  begins  to  move  as  a 
warm  front  while  the  adjacent  bcctioiis  begin  to 
move  as  a  cold  front  (C).  This  defoimation  is 
called  a  frontal  wave. 

The  pressure  at  the  peak  of  the  frontal  wave 
falls,  and  a  low-pressure  center  is  formed.  The 
cyclonic  circulation  becomes  stronger,  and  the 
wind  components  are  now  strong  enough  to 
move  the  fronts,  the  westerlies  turn  to  south- 
west  winds  and  push  (he  eastern  part  of  (he 
front  northward  as  a  warm  front,  and  the 
easterlies  on  the  western  side  turn  to  northerly 
winds  and  push  the  western  part  southward  as  a 
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cold  front.  The  cold  front  is  niovnig  faster  than 
the  warm  front  (D).  When  the  cold  front 
overtakes  the  waim  front  and  closes  the  warm 
sector,  an  occlusion  is  formed  (E).  This  is  the 
time  of  maximum  intensity  of  the  wave  cyclone. 

As  the  occlusion  continues  to  extend  out- 
ward, the  cyclonic  circulation  diminishes  in 
intensity  (the  low-pressure  area  weakens),  and 
the  frontal  movement  slows  down  (F).  Some- 
times a  new  frontal  wave  may  now  begin  to 
form  on  the  westward  trailing  portion  of  the 
cold  front.  In  the  final  stage,  the  two  fronts 
become  a  single  stationary  front  again.  The  low 
center  with  its  remnant  of  the  occlusion  has 
disappeared  (G). 

CYCLONES 

DEFINITIONS  AND  TERMINOLOGY 

The  term  cyclone  is  used  to  denote  any  area 
of  closed  counterclockwise  circulation  in  the 
Northern  Hemisphere.  Because  of  the  basic 
wind-pressure  relationships,  the  center  of  such 
an  area  will  also  be  a  relative  minimum  in  the 
pressure  field.  The  term  low  is  used  inter- 
changeably with  the  term  cyclone.  A  distinction 
is  also  made  between  those  cyclones  forming 
outside  the  Tropics  (cxtratropical)  and  those 
forming  in  the  Tropics  (tropical).  The  latter  are 
discussed  in  chapter  12  of  this  traming  manual. 
In  this  section  the  word  cyclone  applies  only  to 
those  forming  outside  the  Tropics.  If  the  central 
pressure  of  a  cyclone  is  decreasing  with  time,  it 
is  said  to  be  deepening:  filling  denotes  the 
conveR>e  situation.  An  unstable  wave  cyclone  is 
usually  developing,  whereas  a  stable  wave  is  not. 
When  ihe  more  rapidly  mo\mg  cold  front  of  a 
wave  cyclone  overtakes  the  warm  front,  the 
cyclone  is  said  to  be  an  occluded  cyclone.  The 
typical  stages  of  development  of  an  occluded 
wave  cyclone  were  illustrated  in  the  previous 
section. 

CYCLOGENESIS 

There  is  a  systematic  relationship  between 
cyclones  and  fronts,  in  that  the  cyclones  are 
usually  associated  with  waves  along  fronts 
primary  cold  fronts,  Cyc^lones  come  into  being 
or  intensify  because  pressure  falls  more  rapidly 
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at  one  point  than  it  does  in  the  surrounding 
area.  The  resultant  increase  in  the  intensity  of 
the  counterclockwise  circulation  (Northern 
Hemisphere)  is  called  cyclogenesis.  It  can  occur 
anywhere,  but  in  middle  and  high  latitudes  it  is 
most  likely  to  occur  on  a  frontal  trough.  In  this 
instance,  the  cyclogenesis  begins  at  the  lowest 
level  and  works  gradually  upward  as  the  cyclone 
deepens.  The  reverse  also  occurs;  closed  circula- 
tions aloft  sometimes  work  downward  until  they 
appear  on  the  surface  chart.  These  cyclones 
rarely  contain  fronts,  and  are  quasi-stationary  or 
drift  slowly  westward  and/or  equatorward.  The 
surface  process  however  is  usually  a  combination 
of  two  factors:  perturbations  along  the  polar 
front  in  conjunction  with  atmospheric  waves 
aloft. 

Wave  cyclones,  as  opposed  to  those  which 
work  downward  from  upper  air  charts,  normally 
progress  along  the  polar  front  with  an  eastward 
component  at  an  average  rate  of  25  to  30  knots, 
although  50  knots  is  not  impossible,  especially 
in  the  case  of  stable  waves.  Both  the  speed  and 
direction  of  movement  of  the  surface  cyclone 
provide  good  clues  as  to  the  nature  and  vertical 
extent  of  cyclogenesis.  It  should  be  noted  here 
that  cyclogenesis  and  deepening  are  not  synony- 
mous terms.  Deepening  very  often  accompanies 
cyclogenesis,  but  not  necessarily.  For  example,  a 
certain  amount  of  deepening  or  filling  results 
solely  from  the  diurnal  variation  of  pressure. 

In  considering  the  likelihood  of  cyclogenesis, 
the  forecaster  should  keep  in  mind  the  basic 
definition  of  a  relative  minimum  in  the  pressure 
field  as  the  intersection  of  two  or  more  troughs. 
Whenever  a  faster  moving  upper  trough  over- 
takes a  surface  front  and  its  associated  trough, 
cyclogenesis  is  likely.  This  is  an  especially 
important  occurrence  when  a  progressive  short- 
wave trougli  from  the  Rockies  moves  over  a 
quasi-stationary  front  along  the  Gulf  Coast  in 
winter. 

Wave  formation  is  more  likely  on  slowly 
moving  or  stationary  fronts  than  on  rapidly 
moving  fronts,  and  certain  ora^raphical  areas  are 
preferred  localities  for  cyclogenesis.  The  Rock- 
ies, the  Ozarks,  and  the  Appalachians  are  ex- 
amples in  North  America. 

The  most  common  indications  of  wave  cyclo- 
genesis are: 


1.  Marked  increase  in  katallobaric  gradients, 
(falling  pressure)  especially  in  the  cold  air. 

2.  Marked  location  changes  in  wind  direction 
or  speed. 

3.  Increasing  cloudiness  north  of  the  frontal 
area. 

4.  Start  of  precipitation  on  the  cold  air  side 
of  the  front. 

The  above  criteria  do  not  always  give  ade- 
quate warning;  in  many  cases  the  cyclone  has 
already  formed  by  the  time  these  changes  appear 
on  the  surface  data.  The  upper  air  indications 
must  be  taken  into  account  with  simultaneous 
occurrences  on  the  surface. 

The  shape  and  curvature  of  the  isobars  also 
give  valuable  indications  of  frontogenesis  and 
therefore  possible  cyclogenesis. 

On  a  cold  front  anticyclonically  curved  iso- 
bars behind  the  front  indicate  that  the  front  is 
slow  moving  and  therefore  exposed  to  fronto- 
genesis. Cyclonically  curved  isobars  in  the  cold 
air  behind  the  cold  front  indicate  that  the  front 
is  fast  moving  and  exposed  to  frontolysis. 

On  the  warm  fronts  the  converse*  is  true. 
Anticyclonically  curved  isobars  in  advance  of 
the  warm  front  indicate  the  front  is  fast  moving 
and  exposed  to  frontolysis  and  with  cyclonically 
curved  isobars  the  warm  front  is  retarded  and 
exposed  to  frontogenesis.  Figure  5-22  illustrates 
the  frontogenetical  conditions  around  an  ideal 
wave.  FG  denotes  frontogenesis  and  FL  fron- 
tolysis. 
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Figure  5-22.— Ideal  wave  with  indications  of  frontogenesis 
and  frontolysis  from  the  curvature  of  the  isobars. 
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Some  of  the  major  causes  for  perturbations 
along  fronts,  that  is,  the  formation  of  waves, 
are: 

1.  Disturbance  in  the  nearby  westerHes  aloft. 
A  cyclonic  flow  or  higher  wind  speeds  in  the 
cold  air  in  the  westerlies  aloft  produce  a 
cyclonic  shear  and  therefore  tend  to  set  up  a 
cyclonic  circulation  which  builds  downward  to 
the  surface.  The  surface  low  thus  formed  will 
continue  to  develop  and  exist  as  long  as  it  is  in 
association  with  this  disturbance  in  the  wester- 
lies aloft  and  a  depletion  of  mass  or  divergence  is 
taking  place  in  the  system. 

2.  Superposition  of  a  jet  maximum  over  a 
front.  Due  to  the  steep  gradient  of  temperature 
in  the  cold  air  aloft,  wind  speed  gradients  are 
also  steeper  in  the  cold  air  aloft  and  the 
circulation  takes  on  a  strong  cyclonic  shear.  Tliis 
shear  in  turn  leads  to  a  cyclonic  circulation  aloft 
which  will  build  downward  to  the  surface.  The 
introduction  of  the  cyclonic  circulation  in  the 
front  causes  formation  of  waves  along  the  front 
and  marks  the  beginning  of  the  life  cycle  of  the 
cyclone.  The  mechanism  for  the  reduction  of 
pressure  in  the  center  of  the  cyclone  is  identical 
with  that  for  disturbances  in  the  westerlies. 
Some  meteorologists  make  no  distinction  be- 
tween these  two  causes  of  cyclogenesis  becau5;e 
of  their  identical  function  in  cyclogenesis. 

3.  Mountain  waves.  These  mountain  waves 
often  generated  to  the  lee  of  the  Rocky  Moun- 
tains and  the  Appalachian  Mountains  can  s<*t  up 
cyclonic  circulations  aloft  independent  of  other 
influences.  Mountain  waves  may  be  only  inlluen- 
tial  in  weakening  a  high,  generating  an  inde- 
pendent cyclone,  or,  as  is  more  often  the  case, 
generating  a  cyclonic  circulation  on  a  front  in 
their  proximity.  The  Texas  and  Colorado  lows 
are  prime  examples  of  the  role  played  by 
mountain  waves  in  cyclogenesis  along  fronts. 
When  an  independent  cyclone  is  generated,  it 
soon  draws  nearby  fronts  into  its  circulation. 

4.  Coastlines.  Rapid  changes  in  friction  acting 
on  the  wind  can  deflect  the  wind  in  direction 
and  speed  and  initiate  a  cyclonic  circulation. 
Sudden  changes  in  surface  temperatures  over 
short  distances  along  the  east  coast  of  continents 
can  cause  a  concentration  of  solenoids  which 
can  easily  generate  a  cyclonic  curvature.  The 
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Hatteras  low  is  a  pnme  example  of  this  type  of 
cyclogenesis. 

5.  Winds  aloft  flowing  parallel  to  fronts  at 
the  surface.  When  winds  aloft  up  to  about  700 
mb  flow  parallel  to  fronts  on  the  cold  air  side, 
vorticity  considerations  often  lead  to  the  devel- 
opment of  waves  along  such  fronts  and  the 
formation  of  new  cyclones. 

The  vast  majority  of  cyclones,  it  has  just  been 
pointed  out,  develop  as  a  result  of  wave  action 
along  fronts.  There  are  additional  causes  for 
cyclogenesis;  they  are  as  follows: 

1.  Barrier  of  cold  air.  (The  barrier  theory  of 
cyclogenesis.)  Cyclogenesis  may  occur  when  a 
slow  moving  mass  of  cold  air  blocks  a  rapidly 
eastward  moving  mass  of  warm  air  by  dynamic 
pressure  reduction  to  the  "lee"  of  the  cold  air. 
The  lee  in  this  case  is  the  return  flow  meeting 
the  advancing  warm  high.  This  type  of  cyclo- 
genesis is  similar  to  that  resulting  from  mountain 
waves. 

2.  Convection.  (The  convection  theory  of 
cyclogenesis.)  The  convection  theory  suggests 
that  widespread  intense  convection  may  cause 
cyclogenesis  as  a  result  of  the  influx  of  air  at  the 
surface  if  the  convection  is  of  sufficient  duration 
and  intensity. 

Barrier  and  convection  cyclogenesis  do  not 
contribute  greatly  to  the  formation  of  new  lows. 

The  last  type  of  extratropical  cyclogenesis  to 
consider  is  the  formation  of  thermal  lows.  These 
lows  develop  on  a  large  scale  over  the  conti- 
nental subtropics  in  summer.  The  local  heating 
lifts  the  isobaric  surfaces  in  the  air  over  the  heat 
source.  This  results  in  an  upper  level  high  and  an 
outflow  of  air  aloft  and  inflow  at  the  surface. 
These  thermal  lows,  although  they  possess 
cyclonic  flow  in  the  low  levels,  are  more  akin  to 
stationary  anticyclones  in  their  behavior  and  in 
their  influence  on  the  weather. 

CYCLOLYSIS 

When  pressure  at  the  center  of  a  cyclone 
increases  at  a  greater  rate  than  the  surrounding 
area,  the  intensity  of  the  cyclonic  circulation 
decreases.  This  process  is  called  CYCLO LYSIS. 
It  can  occur  even  before  occlusion  begins,  in  the 
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case  of  a  stable  wave,  aiul  always  takes  place  in 
mature  occlusions.  In  the  case  of  frontal  cy- 
clones, frontolysis  also  occurs  during  cyclolysis. 
Since  air  mass  contrasts  are  least  near  cyclone 
centers,  frontolysis  of  occluded  fronts  proceeds 
from  the  center  outward. 

ENERGY  OF  CYCLONES 

Cyclones  transform  a  great  deal  of  potential 
energy  into  kinetic  energy  in  the  atmosphere. 
Their  greatest  source  of  energy  is  the  potential 
energy  of  horizontal  mass  distribution;  that  is, 
the  energy  of  air  masses  of  different  temperature 
lying  side  by  side.  When  the  frontal  slope  is  not 
an  equilibrium  slope,  potential  energy  exists. 
This  ener»;y  is  converted  to  kinetic  energy  as  the 
air  masses  try  to  adjust  themselves  to  equilib- 
rium. The  solenoids  are  tilted  and  therefore 
accelerate  the  circulation  both  in  the  vertical 
and  in  the  horizontal.  This  acceleration  con- 
tinues as  long  as  the  favorable  solenoidal  field 
exists.  Cyclones  thus  increase  in  enenjy  until 
they  reach  maximum  intensity  at  occlusion. 

Two  other  major  sources  of  energy  in  devel- 
oping cyclones  vie  for  second  place,  depending 
upon  the  origin  of  the  air  masses,  the  moisture 
content,  and  their  relative  stability.  They  are  the 


kinetic  energy  of  the  surrounding  air  and  the 
energy  from  the  latent  heat  of  condensation. 

The  kinetic  energy  of  the  surrounding  air  is 
derived  from  the  concentration  of  air  over  a 
smaller  area  as  a  result  of  horizontal  convergence 
toward  the  center  and  a  resultant  increase  in  the 
wind  speeds. 

The  latent  heat  of  condensation  is  released 
when  the  moisture  in  the  air  condenses  as  a 
result  of  lifting.  It  is  a  large  contributor  in 
extratropica!  cyclones  and  the  major  source  of 
energy  in  tropical  cyclones. 

TYPES  OF  WAVE  CYCLONES 

The  change  in  wind  velocity  along  a  hori- 
zontal axis  perpendicular  to  the  direction  of 
flow  is  called  horizontal  wind  shear.  The  six 
possible  combinations  of  vector  pairs  which 
involve  shear  are  illustrated  in  figure  5-23, 

The  upper  row  shows  the  three  pairs  which 
give  cyclonic  shear,  while  the  lower  row  shows 
the  opposite  or  anticyclonic  shear  combinations. 
Needless  to  say,  only  the  A,  B,  and  C  types  are 
possible  in  frontal  troughs. 

There  is  some  doubl  as  to  whether  type  C 
wave  cyclones  actually  occur,  especially  in  middle 


Aa477 


ERLC 


Figure  5-23.— Six  possible  combinations  of  vector  pairs  involved  In  shear. 
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latitudes  where  synoptic  networks  are  dense 
enough  to  make  positive  identification  possible. 
The  most  likely  areas  of  formation  of  type  C 
wave  cyclones  would  be  the  trailing  ends  of 
polar  fronts  in  the  subtropics  and  the  Arctic 
front.  Winter  is  therefore  the  only  season  when 
such  disturbances  could  occur.  Cyclones  do 
develop  out  of  type  C  shear,  but  ' they  are 
nonfrontal.  Tropical  disturbances  associated 
with  waves  in  the  easterlies  are  of  this  type. 
Type  C  wave  cyclones,  if  they  occur,  would 
never  occlude,  since  their  life  cycle  must  be 
short  and  their  closed  circulations,  if  any,  are  of 
limited  extent. 

The  most  common,  called  the  classical  wave 
cyclone,  is  type  B.  Its  life  cycle  as  illustrated  in 
figure  5-21  shows  the  occlusion  process.  This 
cyclone  often  moves,  deepens,  and  occludes 
with  great  rapidity.  It  is  most  likely  to  exhibit 
the  classical  frontal  characteristics.  Figure  5-24 
sliows  an  idealized  model  with  cyclonically 
curved  isobars  in  the.  cold  air  mass  and  straight 
parallel  isobars  in  the  warm  sector. 


Of  less  frequent  occurrence,  but  fairly  com- 
mon, is  the  type  A  wave  cyclone.  This  type 
cyclone  is  illustrated  in  figure  5-25(A). 


AG.478 

Figure  5-24.-ldeali2ed  type  B  cyclone. 

The  warm  front  generally  increases  in  intens- 
ity while  the  cold  front  becomes  more  diffused. 
The  isobar  kinks,  especially  along  the  cold  front, 
are  slight.  The  warm  sector  is  quite  homogene- 
ous with  respect  to  temperature.  The  most 
frequent  modifications  and  exceptions  are  dis- 
cussed later  in  the  chapter. 
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Figure  5-25.— Type  A  wave  cyclone.  (A)  Typical  isobaric 
configuration;  (B)  typical  appearance  of  type  A  wave 
cyclone  in  a  synoptic  situation. 

It  moves  more  rapidly  than  the  type  B  wave 
but  seldom  deepens  or  occludes.  Its  cold  air 
isobars  are  anticyclonically  curved  and  its  pres- 
sure field,  as  a  whole,  is  symmetrical.  Fronto- 
genesis  along  the  cold  front  and  frontolysis 
along  the  warm  front  are  common  (note  isobaric 
curvature).  This  type  of  wave  cyclone  normally 
occurs  in  the  synoptic  situation,  shown  in  figure 
5-25(B)  as  the  second  or  third  member  of  a 
frontal  cyclone  family.  Rapid  cyclogenesis  often 
occurs  when  the  wave  overtakes  the  occluded 
system  ahead  of  it. 

OCCLUSION  OF  UNSTABLE 
WAVE  CYCLONES 

The  Polar  Front  Theory  and  the  resultant 
occlusion  of  unstable  waves  was  discussed  in  a 
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previous  section  of  this  chapter.  The  position, 
orientation,  and  season  of  the  year  have  a  great 
bearing  on  whether  the  cyclone  will  occlude  or 
remain  a  stable  wave. 

The  general  orientation  of  the  frontal  system 
along  which  a  wave  cyclone  moves  usually 
detennines  whether  or  not  it  will  occlude  and  if 
so,  what  type  of  occlusion  is  most  likely  to 
form,  provided  the  underlying  surface  is  uni- 
form; that  is,  all  ocean  or  all  land. 

In  figure  5-26,  the  wave  on  the  left  is  unlikely 
to  occlude  at  all,  the  one  in  the  center  will 
become  a  cold  type  occlusion  if  it  occludes,  and 
the  wave  moving  poleward  is  apt  to  become  a 
warm  type  occlusion. 
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Figure  5-26.— Likelihood  of  occlusion  in  relation  to 
orientation  of  the  wave  cyclone. 

Type  A  waves,  if  occlusion  occurs,  would 
sliow  very  little  contrast  across  the  front,  with 
slightly  greater  change  of  colder  air  to  the 
westward.  However,  actual  data  may  occasionally 
show  conditions  to  the  contrary  and  the  actual 
observations  should  take  precedence. 

Occlusions  are  discussed  in  detail  in  chapter  6 
of  Aerograpliefs  Mate  3  &  2  and  some  of  the 
characteristics  of  occlusions  are  discussed  later 
in  this  chapter. 

RELATION  OF  CYCLONES 
TO  UPPER  AIR  FEATURES 

Figure  5-27  illustrates  a  typical  model  un- 
OLcluded  vvave  cyclone  in  relation  to  the  thick- 
ness lines,  upper  troughs,  and  upper  contours. 

The  simple  model  of  a  warm  sector  frontal 
depression  is  given  in  this  figure.  The  upper 
portion  rcpicsents  the  1,000-500  mb  thickness 
field  and  the  fields  of  the  1,000  and  500  mb 
contours.  A  pronounced  warm  tongue  of  thick- 
ness is  associated  with  the  warm  sector  depres- 
sion, and  the  thickness  lines  are  widely  spaced 


over  the  warm  sector.  The  thickness  lines  arc 
nearly  parallel  to  the  sea  level  fronts,  and  their 
strongest  gradients  lie  at  some  distance  on  the 
cold  sides  of  the  fronts.  The  500-mb  contours 
show  a  pronounced  ridge  just  ahead  of  the  sea 
level  low  center.  A  belt  of  maximum  500-mb 
geostrophic  winds,  which  appears  in  the  500-mb 
contour  pattern,  coincides  with  the  strongest 
concentration  of  1,000-500  mb  thickness  lines; 
that  is,  it  lies  on  the  warm  side  of  the  frontal 
zone  at  500  mb. 

A  vertical  cross  section  of  thickness  along  line 
X-Y  is  given  in  the  middle  portion  of  figure 
5-27.  For  simplicity,  the  1,000-mb  surface  is 
represented  as  a  horizontal  line.  There  is  very 
little  thickness  gradient  above  sea  level  in  the 
warm  sector.  Strong  thickness  gradients  are 
observed  between  sea  level  and  500-mb  locations 
of  both  cold  and  warm  fronts. 

The  lower  portion  of  figure  5-27  illustrates 
the  height  variations  above  sea  level  of  the 
1,000-,  70a-,  and  500-mb  surfaces.  The  trough 
and  ridge  axes  slope  northwestward  with  height. 
A  strong  500-mb  contour  gradient  appears  in  the 
zone  bounded  by  the  positions  of  the  front  at 
1,000  and  500  mb. 

In  general,  frontal  slopes  are  steepest,  hence 
thickness  gradients  are  greatest  near  the  warm 
sector  apex. 

SECONDARY  CYCLONES 

The  second  and  younger  member  of  a  family 
of  cyclones  on  a  polar  front  is  called  a  secondary 
cyclone.  According  to  our  previous  classifica- 
tions of  types  A,  B,  and  C,  the  first  two  were 
discussed  in  a  previous  section  of  this  chapter 
and  are  classified  as  secondary  cyclones.  An- 
other type  of  secondary  cyclone  was  named  by 
its  Norwegian  discoverers  for  the  area  where  it 
was  most  likely  to  occur.  This  type  is  known  as 
the  Skagerrak.  It  was  originally  thought  to  have 
been  -.aused  by  the  orography  of  the  southern 
Scandinavian  peninsular.  Similar  occurrence  at 
other  orographically  preferred  areas  of  the  world 
have  further  confirmed  this  theory,  but  it  is 
known  to  occur  even  over  the  open  ocean  areas 
where  some  of  the  factors  must  be  operative. 
Typical  stages  in  the  process  are  shown  in  figure 
5-28. 
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Figure  5-27.-A  simplified  3-dimensional  model  of  a  wave  cyclone  showing  relationship  of  upper  air  features. 
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(i) 


(3) 


Figure  5*28.-Stanos  in  the  development  of  a  Skagerraking  cyclone. 
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Prill  ipal  siirfaoc  indications  of  lliis  type  of 
cyclogcnsis  arc: 

1.  Spreading  of  isobars  north  of  the  peak  of  a 
v/arni  sector. 

2.  Large  negative  tendencies  near  the  peak, 
especially  in  the  warm  air. 

3.  Diverging  isobars  in  the  waim  sector. 

4.  In(.reasing  intensity  of  precipitation  near 
tiie  peak. 

5.  Increasing  cross- isobaric  flow  around  the 
peak. 

Orography,  without  a  doubt,  plays  a  great 
role  in  certain  preferred  areas  of  Skagerraking, 
but  over  the  ocean  some  other  factors  must  be 


operative.  In  some  cases,  a  rapidly  ino\uir  »y*^c 
A  wave  which  overtakes  the  slow  movinc  cc^.h  - 
sion  may  be  the  triggering  mcciirm.^m  ior 
cyclogenesis. 

Whatever  the  exact  nature  of  its  t  n  tl  .. 
type  of  cyclogenesis  proceeds  wirii  i  i » ^\  \  ^ 
ity.  The  new  occlusion  forms  inimed(j(^  '\ ,  un<l 
soon  overshadows  its  predecossoi  in  h^^i*'  aici 
and  intensity.  However,  the  loki  cc  1  ston. 
having  greater  vertical  extension,  exert  s  certain 
control  on  the  movement  of  the  new  vcnl^.i, 
v/hich  at  first  follows  the  periphery  ol  the  old 
center.  Later,  the  two  centers  pivot  cycionically 
about  a  point  somewhere  on  the  axt^  jominji 
them  until  the  old  center  has  filled  anJ  k)H\s  its 
separate  identity. 
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Skagerraking  can  take  place  with  either  the 
warm  or  cold  type  occhisions.  If  it  occurs  near  a 
west  coast  in  winter,  there  is  a  good  chance  the 
new  occlusion  will  be  of  the  warm  type. 

WARM  SECTOR  TROUGHS 

One  of  the  most  common  ways  in  which 
frontal  cyclones  differ  from  the  idealized  model 
is  through  the  presence  of  a  nonfrontal  trough  in 
the  warm  air.  Two  examples  are  illustrated  in 
figure  5-29(A)  and  (B). 

The  front  in  (A)  can  be  quite  intense,  but  the 
cold  front  in  (B)  is  generally  weak  and  diffused 
since  the  prefrontal  trough  is  more  marked  than 
the  frontal  trough.  The  trough  in  (A)  can  on 
occasion  contain  a  cold  front,  in  which  case  its 
extension  north  of  the  principal  front  should  be 
carried  as  an  upper  cold  front.  Cyclones  in  low 
latitudes  in  particular,  commonly  have  pre- 
frontal troughs  of  the  type  sho^^Ti  in  (B).  Although 
most  of  the  definite  examples  of  this  type 
of  wave  cyclone  are  found  in  the  dense 
synoptic  networks  of  populated  areas,  there  is 
no  reason  to  believe  that  they  occur  only  over 
lanj.  Here,  close  attention  to  indications  of  a 
prefrontal  trough  must  be  given  when  making  an 
oceanic  analysis, 

SUMMARY 

Table  5-1  presents  average  values  of  certain 
numerical  characteristics  of  various  stages  in  the 
life  cycle  of  an  unstable  wave  cyclone. 


Data  given  are  to  be  used  only  as  a  general 
guide  and  principally  in  areas  where  reports  are 
sparse.  Actual  conditions  may  deviate  greatly 
from  these  averages.  This  table  applies  only  to 
wave  cyclones  which  are  occluding.  Nonfrontal 
cyclones  Skagerraks  behave  in  an  entirely  differ- 
ent fashion^ 

The  usefulness  of  this  table  is  evidenced  by 
the  fact  that  if  one  or  two  of  the  listed 
characteristics  are  known,  then  the  table  may  be 
used  to  fill  in  the  mission  features. 

For  an  example  of  the  use  of  this  table, 
assume  that  a  low-pressure  center  has  been 
moving  in  a  northeast  direction  at  about  25 
knots  for  the  past  18  hours.  The  table  shows 
that  it  sliould  be  considered  an  occlusion  with 
the  central  pressure  somewhat  under  1,000  mb. 

THE  COLD  FRONT 

Cold  fronts  usually  move  faster  and  have  a 
steeper  slope  than  warm  fronts.  Cold  fronts 
which  move  very  rapidly  have  very  steep  slopes 
in  the  lower  levels  and  narrow  bands  of  clouds 
which  are  predominant  along  or  just  ahead  of 
the  front.  Slower  movin,^  cold  fronts  have  less 
steep  slopes  and  their  cloud  systems  may  extend 
far  to  the  rear  of  the  surface  position  of  the 
fronts.  Both  fast  moving  and  slow  moving  cold 
fronts  may  be  associated  with  either  stability  or 
instability  and  either  moist  or  dry  air  masses. 
The  typical  characteristics  of  the  fast  and  slow 
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Figure  5-29. -Two  examples  of  a  trough  in  the  warm  sector.  (A)  Cold  front  oriented 
E-W;  (B)  cold  front  oriented  NNE-SSW. 
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Table  S-I.-Nunwrical  characteristics  of  the  life  cycle  of  an  unstable  wave  cyclone. 


Wave  Cvclone 

wcciusion 

Mature  Occlusion 

Cyclolysis 

Time  (hours) 

0 

12-24 

24-36 

36-72 

Central  Pressure  (mb) 

Direction  of  Movement 
(toward) 

Speed  of  Movement 
(knots) 

1,012-1,000 

NE  to  SE  or 
(quad) 

30-35 

1000-988 

NNE  to  N 
(arc) 

20-25 

984-968 

N  to  NNW 
(arc) 

10-15 

998-1,004 

c 

0-5 

an  approximately  circular  path  about  a  fixed  point. 


moving  cold  fronts  are  discussed  in  detail  in 
chapter  6  of  AG  3  &  2.  We  are  concerned  here 
chiefly  with  the  upper  air  characteristics  of  these 
fronts. 

Both  slow  and  fast  moving  cold  fronts  de- 
velop when  cold  air  bulges  southward  along  the 
frontal  boundary.  The  inclination  of  the  frontal 
slope  depends  chiefly  upon  the  wind  direction 
and  velocity  arrangement  across  the  front. 

SLOW  MOVING  COLD  FRONT 

The  slope  of  this  type  front  is  usually  in  the 
neighborhood  of  1-100  miles.  Near  the  ground 
the  slope  is  often  much  steeper  due  to  surface 
friction. 

The  type  of  weather  experienced  with  this 
front  is  dependent  upon  the  stability  of  the 
warm  air  mass.  When  the  warm  air  mass  is  stable, 
a  rather  broad  zone  of  altostratus  and  nimbo- 
stratus  cloud  systems  follow  the  front  by  several 
hundred  miles.  If  the  warm  air  is  unstable  (or 
conditionally  unstable),  thunderstorms  and 
cumulonimbus  clouds  may  develop  in  this  cloud 
bank  and  may  stretch  for  some  50  miles  behind 
the  surface  front.  These  clouds  all  form  within 
the  warm  air  mass.  In  the  cold  air  there  may  be 
some  stratus  or  nimbostratus  formed  by  the 
falling  rain  but  generally  outside  the  rain  areas 
there  are  relatively  few  low  clouds.  This  is  due 
to  the  descending  motion  of  the  cold  air  which 
produces,  at  times,  a  subsidence  inversion  some 
distance  behind  the  front. 
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The  type  of  precipitation  observed  is  also 
dependent  upon  the  stability  and  moisture 
conditions  of  the  air  masses. 

The  ceiling  is  generally  low  with  the  frontal 
passage,  and  gradual  lifting  is  observed  after 
passage.  Visibility  is  poor  in  precipitation  and 
may  continue  low  for  many  hours  after  frontal 
passage  as  long  as  the  precipitation  occurs.  When 
the  cold  air  behind  the  front  is  moist  and  stable, 
a  deck  of  stratutj  clouds  and/or  fog  may  persist 
for  a  number  of  hours  after  frontal  passage. 

Characteristic  Upper  Air  Features 

TEMPERATURE.-The  temperature  inversion 
on  this  type  front  is  usually  well  marked.  In  the 
precipitation  area  the  relative  humidity  is  high  in 
both  air  masses.  Farther  back  of  the  front, 
subsidence  may  occur,  giving  a  second  inversion 
closer  to  the  ground. 

Upper  air  contours  are  usually  parallel  to  the 
front  as  well  as  the  mean  temperature  '.thickness 
lines).  The  weather  will  usually  extend  as  far  in 
back  of  the  front  as  these  features  are  parallel  to 
it.  When  the  orientation  changes,  this  usually 
ino  icates  the  postion  of  the  uppei  air  trough. 

WINDS.— The  wind  usually  backs  rapidly  with 
height  (on  the  order  of  some  60  to  70  degrees 
between  950  and  400  mb),  and  at  500  mb  the 
wind  direction  is  inclined  at  about  15  degrees  to 
the  front.  The  wind  component  normal  to  the 
front  decreases  slightly  with  height,  and  the 
component  parallel  to  the  front  increases 
rapidly.  The  thermal  wind  between  950  and  400 
mb  is  almost  parallel  to  the  front. 
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Surface  Cliaracteristics 

The  pressure  tendency  associated  with  this 
type  tVontal  passage  is  usually  indicated  by 
either  an  unsteady  or  steady  fall  prior  to  frontal 
passage,  while  the  rises  behind  this  type  front 
arc  weak.  Temperature  and  dewpoint  drop 
sharply  with  the  passage  of  a  slow  moving  cold 
front.  The  wind  veers  with  the  cold  frontal 
passage,  reaches  its  highest  speed  at  the  time  of 


frontal  passage.  Isobars  may  be  curved  anti- 
cyclonically  in  the  cold  air  This  type  front 
usually  moves  at  an  average  speed  between  10 
and  15  knots. 

Figure  5-30  illustrates  the  typical  characteris- 
tics in  the  vei.ical  of  a  slow  moving  cold  front 
(upper  halO  and  typical  upper  air  flow  in  back 
of  the  front  and  accompanying  surface  weather 
(lower  Ivdlf), 
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Since  this  is  only  one  typical  case,  many 
variations  to  this  model  can  occur  in  nature. 

FAST  MOVING  COLD  FRONT 

The  wann  air  above  the  frontal  slope  is 
moving  faster  than  cold  air.  This  type  front 
is  characterized  by  a  narrow  band  of  weather 
associated  with  the  downslope  motion  of  the 
warm  air  above  the  frontal  slope.  The  descend- 
ing air  is  warmed  adiabatically  and  the  tempera- 
ture contrast  across  the  from  is  increased,  thus 
strengthening  the  frontal  discontinuity.  This 
front  has  an  average  slope  of  P40  to  I -SO  and 
moves  with  an  average  speed  of  about  25  knots. 
This  is  the  most  important  type  of  cold  front. 

If  the  warm  air  is  moist  and  unstable,  a  line  of 
thunderstorms  frequently  develops  along  this 
type  front.  Sometimes,  under  these  conditions,  a 
line  of  strong  convective  activity  is  projected  50 
to  200  miles  ahead  of  the  front  and  paralle.1  to 
it.  This  may  develop  into  a  line  of  thunder- 
storms called  a  squall  line.  On  the  other  hiind 
when  the  warm  air  is  stable,  an  overcast  of 
altostratus  clouds  with  general  rain  may  extend 
over  a  large  area  ahead  of  the  front.  If  the  warm 
air  is  very  dry,  little  or  no  cloudiness  is 
associated  with  the  front.  The  front  depicted  in 
the  following  sections  is  a  typical  front  with 
typical  characteristics. 

Weather 

Cumulonimbus  clouds  are  observed  along  and 
just  ahead  of  the  surface  front.  Stratus,  nimbo- 
stratus,  and  altostratus  may  extend  ahead  of  the 
front  from  the  cumulonimbus.  The.se  clouds 
may  extend  as  much  as  150  miles  ahead  of  the 
front,  but"  they  are  generally  the  altocumulus 
and  stratocumulus  type.  The  clouds  just  men- 
tioned are  all  in  the  warm  air.  Generally,  unless 
the  cold  air  is  unstable  and  descending  currents 
are  weak,  there  is  a  lack  of  clouds  in  the  cold  air 
behind  the  front.  Showers  and  thundershowers 
occur  along  and  just  ahead  of  the  front.  The 
ceiling  is  low  only  in  the  vicinity  of  the  front. 
Visibility  is  poor  in  precipitation  but  improves 
rapidly  after  passage. 

Upper  Air  Features 

TEMPERATURE.-Owing  to  the  sinking  mo- 
tion of  the  cold  air  behind  the  front  and  the 


resultant  adiabatic  warming,  the  temperature 
change  acro.ss  the  front  is  often  destroyed  or 
may  even  be  reversed.  A  sounding  taken  in  the 
cold  air  immediately  behind  the  surface  front 
would  indicate  only  one  inversion  with  the 
characteristic  inversion  and  an  increase  in  mois- 
ture through  the  inversion.  Farther  back  of  the 
front,  a  double  inversion  structure  would  be  in 
evidence.  The  lower  inversion  would  be  due  to 
the  subsidence  effects  in  the  cold  air.  This  is 
ofttimes  confusing  to  the  analyst  as  the  subsid- 
ence inversion  is  usually  more  marked  than  the 
frontal  inversion  and  may  be  mistaken  for  the 
frontal  inversion. 

WINDS.-In  contrast  to  the  slow  moving  cold 
front,  wind  above  the  fast  moving  cold  front 
exhibits  only  a  slight  backing  with  height  on  the 
order  of  some  20  degrees  between  950  and  400 
mb  and  the  wind  direction  is  inclined  toward  the 
front  at  an  average  angle  of  about  45  degrees. 
The  wind  components  normal  and  parallel  to  the 
front  increase  with  height,  and  the  wind  compo- 
nent normal  to  the  front  exceeds  the  mean 
speed  of  the  front  at  all  levels  above  the  lowest 
layers.  The  thermal  wind  for  the  ^50-400  mb 
layer  has  an  average  angle  of  about  30  degrees  to 
the  front. 

Surface  Characteristics 

Pressure  tendency  falls  ahead  of  the  front, 
and  there  are  sudden  and  strong  rises  after  the 
frontal  passage.  If  a  squall  line  lies  some  distance 
ahead  of  the  front,  there  may  be  a  strong  rise 
associated  with  its  passage  and  a  sliift  in  the 
wind.  However,  after  the  influence  of  the  squall 
line  has  passed,  winds  will  back  to  southerly  and 
pressures  will  level  off.  The  temperature  shows  a 
fall  in  the  wann  air  just  ahead  of  the  front  due 
to  evaporation  of  falling  precipitation.  Rapid 
clearing  and  adiabatic  warming  just  behind  the 
front  tend  to  keep  the  cold  air  temperature  near 
(hat  of  the  warm  air.  An  abrupt  temperature 
change  usually  occurs  far  behind  the  front.  The 
dewpoint  and  wind  direction  are  better  indi- 
cators of  the  passage  of  a  fast  moving  cold  front. 
The  wind  veers  with  frontal  passage  and  is 
strong,  gusty,  and  turbulent  for  a  considerable 
period  of  time  after  passage.  Dewpoint  also 
decreases  sharply  after  passage. 
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Figure  5-31. -Typical  vertical  structure  of  a  fast  moving  cold  front 
with  upper  windflow  across  the  front. 
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OTHLR  IJPPbR  AIR  CHARACTERISTICS 
OF  COLD  FRONTS 

(  old  lioius  on  upper  air  ^Itarts  are  character- 
ized l>\  a  pacing  ol  isotherms  behind  them.  The 
more  i.IoseIv   packed  the  isotherms,  and  the 


ERIC 


15.S 


164 


Chapter  MASSES.  FRONTS.  AND  CYCLONES 


WEST 


EAST 


AG.486 


Figure  5'32.— Upper  cold  front. 


more  nearly  they  parallel  the  fronts,  the  stronger 
the  front.  When  isotherms  cross  a  front,  they 
kink  toward  the  cold  air. 

It  is  more  common  for  a  cold  front  on  the 
surface  to  lie  ahead  of  the  upper  air  trough.  This 
is  illustrated  in  figure  5-3 1 . 

UPPER  COLD  FRONTS 

It  is  generally  recognized  that  there  are  two 
types  of  upper  cold  fronts.  One  is  the  upper  cold 
front  associated  with  the  warm  type  occlusion 
which  Will  be  taken  up  later  in  thi^  chapter.  The 
other  occurs  most  frequently  in  the  area  just 
east  of  the  Rocky  Mountains  in  winter  when  mP 
air  crosses  the  mountains  behind  a  cold  front  or 
behind  a  trough  aloft.  Usually  a  very  cold  layer 
of  continental  polar  air  is  lying  next  to  the 
ground  over  the  area  east  of  the  mountains. 
Warm  maritime  tropical  air  moving  northward 
from  the  Gulf  of  Mexico  has  been  forced  aloft 
by  the  cold  cP  air.  When  the  cool  mP  air  flows 
over  the  mountains,  it  forces  its  way  under  the 
warm  ml  air  aloft  and  flows  across  the  upper 
surface  of  the  cP  air  just  as  if  it  were  the  surface 
of  the  ground.  All  frontal  activity  in  this  case 
takes  place  above  the  top  of  the  cP  layer.  Refer 
to  figure  5-32  for  an  example  of  this  type  of 
front. 

Weather  from  this  type  of  front  can  produce 
extensive  cloud  decks  and  blizzard  conditions 


for  several  hundred  miles  over  the  midwestem 
plains. 

SQUALL  LINES  AND 
INSTABILITY  LINES 

A  squaP  line  is  a  line  of  active  showers  and 
thundershowers  that  roughly  parallels  the  cold 
front  and  generally  occurs  in  the  warm  sector  of 
wave  cyclones.  This  type  usually  develops  along 
or  ahead  of  fast  moving  cold  fronts.  The  term 
squall  line  is  often  confused  with  the  term 
instability  line.  Although  the  two  are  often  used 
interchangeably,  their  meaning  has  been  defined 
by  agreement  of  the  Subcommittee  on  Aviation 
Meteorology  of  the  Air  Coordinating  Commit- 
tee. Their  definitions  are  as  follows: 

1.  INSTABILITY  LINE.  This  is  a  Hne  of 
incipient,  active,  or  dissipating  uonfrontal  in- 
stability conditions;  it  is  an  analytical  term  for 
indicating  primarily  the  incipient  and  dissipating 
stages  of  nonfrontal  squall  line  phenomena  and 
for  the  sake  of  continuity  also  includes  the 
active  squall  line  stage.  It  is  frequently  found  in 
the  warm  sector  of  an  extratropical  cyclone,  and 
unlike  a  true  front  the  instability  line  is  transi- 
tory in  character,  usually  developing  to  maxi- 
mum intensity  within  a  period  of  12  houi^s  or 
less  and  then  dissipating  in  about  the  same 
length  of  time. 
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2.  SQUALL  LINIi.  A  S(iuaII  liiio  is  a  line  of 
active  tluinderstornis  or  squalls  which  may 
extend  over  several  hundred  niiies.  It  is  the 
phenomenon  of  the  mature  and  active  stage  of 
instability  line  development  and  ma>  be  either  a 
solid  or  broken  line  of  numerous  thunderstorms 
accompanying  vertical  motions  of  a  greater 
order  of  magnitude  than  is  usually  present  in  the 
atmosphere. 

NOTE:  The  tenn  instability  line,  as  defined 
above,  is  the  more  general  tenn  and  includes 
squall  line  as  a  special  case.  The  two  will  be  used 
interchangeably  in  this  section  of  the  chapter. 

In  this  section  general  characteristics  of  squall 
lines  occurring  in  the  warm  sector  in  advance  of 
fast  moving  cold  fronts  and  the  more  special 
case  of  the  instability  line  not  associated  with  a 
fast  moving  cold  front  over  the  Plains  States  are 
discussed. 

Squall  lines,  develop  ahead  of  fast  moving 
cold  fronts  in  the  warm  sector  of  a  wave 
cyclone.  This  line  is  iocated,  on  the  average, 
some  100  to  300  miles  ahead  of  the  cold  front. 

A  typical  case  showing  the  isobaric  patterns  is 
shown  in  figure  5-33. 


shifts  cyclonically  with  passage.  However,  if  the 
/.one  is  narrow,  the  wind  shift  may  not  be 
noticeable  on  surface  charts.  There  is  generally  a 
large  drop  in  temperature  due  to  the  cooling  of 
the  air  by  prei^ipitation.  Pressure  rises  after  the 
passage  of  the  squall  line,  and  at  times  a  small 
micro-high  may  form  behind  it.  The  cold  front 
has  little  weather  or  clouds  associated  vith  it. 
After  passage  of  the  squall  line,  the  wind  will 
back  to  southerly  before  the  cold  frontal  pas- 
sage. 

Squall  lines  move  along  in  advance  of  the  cold 
front  at  a  speed  at  times  exceeding  that  of  the 
associated  cold  front.  A  rough  guide  to  its 
direction  and  speed  can  be  obtained  from  the 
500-mb  winds.  It  will  move  approximately  40 
percent  of  the  wind  speed  and  ilong  the  500-mb 
winds. 

Vertical  Structure 

Theoretical  explanation  of  the  phenomenon  is 
still  incomplete,  but  since  it  is  known  to  be 
associated  with  fast  moving  cold  fronts,  the 
winds  at  upper  levels  are  moving  faster  than  the 
winds  in  the  cold  air  beneath  the  frontal  surface. 
A  vertical  cross  section  of  the  squall  line  in  the 
warm  sector  is  depicted  in  figure  5-34. 
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Figure  5-33.-Typical  isobaric  pattern  associated 
with  a  warm  sector  squall  line. 

Showers  and  thunderstorms  (sometimes  tor- 
nadoes) occur  along  the  squall  line,  and  the  wind 
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Figure  5-34.— Vertical  cross  section  of  squall  line 
associated  with  a  fast  moving  cold  front. 

A  typical  phenomenon  noted  in  this  illustra- 
tion shows  to  the  east  of  the  squall  line 
pseudo-warm  frontal  weather. 

It  should  be  noted  that  weather  associated 
with  the  cold  front  decreases  in  intensity  after  a 
squall  line  has  formed  and  increases  in  intensity 
after  the  squall  line  has  dissipated. 
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The  bijuall  line  is  nut  iicccwiiK  confined  to 
the  warm  sectors  of  wave  c\cIoncs.  In  sonic 
instances  it  has  been  first  id^  .itificJ  behind  the 
colli  I'ront  which  it  overtakes  and  passes  as  it 
nio\cs  out  in  the  warm  sCvtur.  It  can  also  extend 
poleward  of  the  warm  front,  and  often  retains 
its  identity  during  the  oeclusion  process.  This 
can  lead  to  the  curious  situation  of  a  cold 
occlusion  with  an  apparent  upper  coid  front,  the 
scjuall  line. 

Development 

The  following  conditions  are  favorable  for 
squall  line  development  of  this  type, 

1.  The  warm  sector,  or  other  area  of  suspi- 
cion, is  wiitciied  for  development  of  a  trough  or 
line  of  cyclonic  wind  shear  and  for  actual 
development  of  thunderstorms. 

2.  Cold  air  advection  in  the  middle  and 
higher  levels. 

3.  Minimum  stabilitv  mde.\es  are  usually  ^^ero 
or  less  in  the  area  of  squall  line  formation. 
However,  the  line  may  form  east  or  north  and 
downwind  some  100  to  300  miles  from  this 
area. 

4.  Ma.\imum  dewpoint  areas  at  the  850-  and 
700-mb  levels  should  be  noted  becuvi^c  M]uaII 
lines  form  in  these  areas  i  when  other  conditions 
are  favorable)  some  90  percent  of  the  time. 

5.  A  tavored  position  for  squall  line  forma- 
tion is  on  the  west  and  centra!  portion  of  moist 
and  warm  tongue,s. 

6.  Increasing  moisture  at  low  and  high  levels 
with  a  midlevel  dry  source  upwind.  This  penults 
evaporative  cooling. 

7.  Low-level  convergence  and  lifting. 

8.  The  most  favorable  geographical  area  in 
North  America  is  the  Central  and  Southern 
States  in  lale  winter  and  spring.  (Farther  north- 
ward the  season  runs  from  late  spring  through 
,  summer.) 

9.  Warm  air  advection  at  850  mb. 

10.  In  the  cyclonic  shear  of  the  jet  at  850  rab. 

11.  A  mechanism  to  divert  the  strong  middle 
level  winds  to  the  surface.  This  mechanism  is 
believed  to  produce  an  autoconvectivc  lapse  rate 
by  rapid  evaporation  of  moisture  in  a  mixing 
zone.  It  u.sually  consists  of  a  ii.oisture  ridge 
oriented  at  a  large  angle  to  the  windflow  with  a 


wind  component  across  this  ridge  of  at  least  30 
knot.s.  The  second  mechanism  is  a  source  of  dry 
air  which  the  middle  level  wind  carries  to  a 
position  wlierc  it  can  be  cooled  by  precipitation 
from  above  to  its  wet  bulb  temperature  which 
must  be  lower  than  that  of  the  moist  air. 

12.  StrongI>  curved  200-300-mb  Hows  are 
unfavorable  for  squall  line  development.  A 
straight  flow  or  slightly  anticyclonic  flow  is 
more  favorable- 

Squall  Line 

Figure  5-35  illustrates  a  generalized,  vertical 
cross  section  of  tiie  formation  of  the  formidable 
Great  Plains  type  squall  or  instability  line  not 
associated  with  a  fast  moving  cold  front. 

The  basic  requirement  for  this  type  of  fonna- 
tion  is  evaporative  cooling  of  dry  air  as  a  result 
of  high  altitude  precipitation. 

An  additional  requirement  is  that  surface 
heating  be  of  sufficient  intensity  to  cause 
thennal  currents  to  transport  moisture  from 
lower  to  higher  levels. 

Formation  of  this  type  squall  or  instability 
line  requires  the  following  conditions  to  be 
fulfilled: 

1.  Cold  moist  air  advection.  usually  at  14,000 
feet  msl  or  higher  but  based  lower  than  20,000 
feet  (top  of  fig.  5-35). 

2.  Cooling  of  the  layers  below  the  advection 
levels  by  evaporation  of  rain  or  cloud  particles 
(middle  of  fig.  5-35). 

3.  An  increase  of  surface  temperature,  usu- 
ally by  insolation,  to  the  point  that  will  cause 
convective  currents  to  reach  the  condensation 
level. 

4.  Low-level  wind  convergence  to  increase 
updrafts  (bottom  of  fig.  5-35), 

WARM  FRONTS 

In  this  section  some  of  the  characteristic 
features  of  the  warm  front  both  at  the  surface 
and  aloft  will  be  discussed. 

CHARACTERISTICS  OF  WARM  FRONTS 

The  characteristics  of  a  warm  front  will 
depend  upon  a  number  of  factors.  One  is  the 
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Figure  5-35.-Formation  of  Great  Plains  squall  line  (not  associated  with  fast  moving  cold  front). 
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condition  which  existed  prior  to  the  lifting  of 
the  warm  air;  the  stability  of  the  air  mass  will 
deiermine  the  type  of  cloudiness  that  will  form. 
The  moisture  content  and  the  speed  of  move- 
ment of  the  two  air  masses  are  also  detemiining 
factors  as  to  the  type  and  severity  of  the 
wenthen 

Slope 

The  slope  of  the  warm  front  ir;  usually 
somewhere  between  1  =  100  and  1=300,  with 
occasional  fronts  with  lesser  slopes.  Therefore, 
warm  fronts  hnve  characteristically  shallow 
slopes  which  are  due  to  the  effect  of  surface 
friction  which  retards  the  frontal  movement 
near  the  ground.  There  is  a  gradual  veering  of 
the  wind  through  the  frontal  zone. 


Movement 

Warm  fronts  move  slower  than  cold  fronts. 
Their  average  speed  is  usually  between  10  and 
20  knots.  The  rule  for  de'.crmining  the  move- 
ment of  warm  fronts  states  that  a  warm  front 
will  move  with  a  speed  of  60  to  80  percent  of 
the  component  of  the  geostropic  wind  normal  to 
the  front  in  the  warm  air  mass. 

Weather 

The  weather  associated  with  typical  warm 
fronts  is  given  in  chapter  6,  AG  3  &  2. 

The  amount  and  type  of  clouds  and  precipita- 
tion vary  with  the  characteristics  of  the  air 
masses  involved.  Three  situations  are  described 
in  the  following  paragraphs: 


LC 


162 


168 


1.  \\\k\\  . 
and  st.ihle.  rut.^l  -t. 
lighl  io  Mu»vKi  i 

clouds  lort  !       I  V 
surface.  1  • 
tlio  t.dhni?  ♦ 
w hen  ilu  <«>Hi  u  u 
when  tijc  c»*ki  a>?  i%  > 

unstaM^*.  v.*  ' 
( Ihundcr-tonttNt  ' 

iniiNl  UNCc:?  i  ^ 
coiuk  n^^utio"^  ; 
)nl>  h\*zh  AvA  "  V. 

\iNi?''thl\  !^   ^  . .s  ' 
altONtraUi^  ci^  .  ^ 
prccipitjtio:.  t:  I 
is  i>laMc  ,tii  :  .  \ 
ahead  *»f  ^  .  'r 
K>\\  in  liu^  jir  ' ' 

Surface  I  eafui^- 

soi^'cnru    i    ^  ' 
char?    \)    \^    •  r 
is  uva.df>  '  r  ;  .  ! 

isaH»^^v'j»^  ji.  , 
ex.eiM  v^V  "  ^ 
The  v^i'ui  r  i 
warrit   lr*':iTs  * 
iiradie!U  . 
tronl.il  pa  .1- •    ^  i  - 

reMip.'i.'.t'  li 
rjMni;  iti  » i .  i" 
Iron?  pa\M- 
rise    Hun  riM^       '  . 
belween  Jit.' 
in<.rea^e  si*!.'. I'  »t 
with  a  njpid      r  M 


■  J 


an     in  trniiiu*  Im 'Pk  a! 
«i  ./     ill'  1^..-}  ^n.  K 


WIW  t  i  ■  -  \  f  ^ 

.  ji  ♦«  tu  i'''?  tiN'ialb  .'^  v.«  ^  dolinod  as 

I  J  \  I  ratuei  i^io.ivl  /ou,"  wiih  onh  a 

.r»    ,  :^  i"          jp.<.fsstMis  i)nc  iiue  W>  ihc 

M  .  tl.ci  du.  »o  tUfbulcnce.  I»»wei 

'1  N  '  Kit  u'.?-t    !u'  ruroulcnce  deck 

,  ,   .     .  jl?*?shjf!ts  h  »ntal  dick.  ^See 


t  .  >  i>,iT  lUcI  M  i!ic  Irofir  .md  di  n\ 
I  ii  0^..  i    »i  t'K'  ironi.  I  he  sirunger  rile 

.  -    J    ,  V'   :       s;ir.c  the  Ironl.  I  he  p  ickiivi 
^     .    1'  ,   ^  .  vd  d  V. .ri  Jhc  LiMd  !'ronl 

»,      >     ^rrUiH'  I H, lied  in  .i  diL'Iil 
1  n  :  I:.-    -Hti'^   ^-r    t  rdirc    1  ius  anM- 
.    ■ .      K  .d'>t»  r  Jur      ^r.  riled  iOjv 
H.^ri/'MM.ti    lAcHJctKc  oC'.itrs 


•  vnn  w  \R\i  i  ROMS 


i    ,   }     ^  V       U''>\\    d<»M   an.   seld(Mn  en- 
.      •  '  ^'ti  v-'o;  ?M\  I'dlt'".  ilie  s.tnu-  pni!*-i- 
is    '  '.i  i}.-       ♦j.^H   (mki.  v,i\e  ^vh«.n  tile*. 
:     M.  .ei.  V  da  air  luideriKaih  a 

;Ti  f  i    i-Kj.M  i«' dispLavinent  afui 
rs,-         *   in   |o  u^er  a  ttunniag 

,       ^.u\^    .  '^Hi'imn  on   tho  npper 

n  i  ^    f  .t«.  *  .  s  fi..- rTfeL?  a  ^eco^da^^  upper 
•  t-M  M     i  -   1    T    ;       •  J!  s;:  parallel  bands  of 
-J  ir^i"     '?   'hi.^'i»t  ■^•^^^^K^^  ahead  ol  Ihe 
-       w       V- li.'ji  i  v.-sMu  t»'ont  v'losses a 
,    I'.j.tt,  <  t.,..     If  ouiif'T  *  «>lder  an  lo 

-M  !  1.  u  d«'n>-'  .i   a  v.'arni  tyont 

cK  ,  ri.  ;  I  ill!  an  IhiN  isconnmui 
,  :(    .    «  tn  '  i!  •?  J  vru        da-  \ppaiaJiian 


ERLC 


169 


AEROGRAPllBR^S  MATL:  1  &  C 


(A) 


FRONTAL  INVERSION 


TURBULENCE  INVERSION 


(B) 


AG.490 

Figure  5-36.-Typical  upper  air  soundings  associated  with  a  well-marked  warm  front. 
(A)  Well-marked  inversion;  (B)  frontal  and  turbulence  inversions. 


Mountains  in  winter.  Warm  air  advection  is  more 
rapid  and  precipitation  is  heaviest  where  the 
steeper  slope  is  encountered.  Pressure  falls 
rapidly  in  advance  of  the  upper  warm  front  and 
levels  off  underneath  the  horizontal  portion  of 
the  front. 

OCCLUDED  FROiNTS 

The  structure  of  the  occlusion  depends  upon 
the  temperature  difference  between  the  cold  air 
in  advance  of  the  system  and  the  cold  air  to  the 
rear  of  rhe  system.  If  the  air  in  advance  of  the 
warm  front  is  colder  than  the  air  to  the  rear  of 
the  cold  front,  when  the  cold  air  of  the  cold 
front  overtake:,  the  vvann  front,  it  will  move  up 
over  this  cold  air  in  the  form  of  an  upper  cold 
front,  thereby  forming  a  warm  front  type 


occlusion.  When  the  air  behind  the  cold  front  is 
colder,  it  will  push  in  under  the  cool  air  in 
advance  of  the  warm  front  and  produce  a  cold 
front  type  occlusion.  Vertical  cross  sections  of 
these  two  types  of  occlusions  are  contained  in 
chapter  6,  AG  3  &  2. 

CO  LD  TYPE  OCCLUSIONS 
Formation 

Cold  front  type  occlusions  form  when  the  air 
ahead  of  the  warm  front  is  less  cold  than  the  air 
behind  the  overtaking  cold  front.  When  the  cold 
front  overtakes  the  warm  front,  both  the  warm 
air  behind  the  warm  front  and  the  cool  air  ahead 
are  lifted  by  the  colder  air  moving  in  behind  the 
cold  front.  Thus,  the  warm  front  itself  is  lifted 
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Figure  5-37.-Cold  front  type  occlusion.  (A)  Vertical  sturcturc;  (B)  horizontal  structure. 


AG.491 


by  the  uiulerculling  cold  front,  and  il  becomes 
upper  warm  front.  This  front  Ls  seldom 
delineated  on  surface  charts  due  to  its  close 
proximilv  to  the  surface  front. 

VERTICAL  AND  HORIZONTAL  STRUC- 
TURE,- Figure  5o7(A)  illustrates  a  vertical 
cross  .section  through  tliC  points  A-A'  on  figure 


5-37(li).  Figure  5-37fA)  shows  the  cold  from 
type  occlusfon  in  its  initial  stages  when  the  cold 
air  has  begun  to  underrun  the  warm  air.  Figure 
5-37{B)  shows  how  this  occlusion  would  be 
depicted  horizontally  on  a  surface  chart. 

WliATIIIiR  PHENOMENA.  -In  the  occlusions 
initial  stages  of  development,  the  weather  and 
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The  most  rehable  ideiitirymg  eharaeteristies  of 
the  upper  trout  are: 

1.  A  hue  of  marked  eold  frontal  preeipitation 
and  cloud  types  superimposed  on  warm  frontal 
types  ahead  of  the  occluded  front. 

2.  A  slight  but  distinct  pressure  trough. 

3.  A  line  of  pressure  tendency  discontinui- 
ties. The  pressure  tendency  shows  a  steady  fall 
ahead  of  the  upper  cold  front  aloft  and,  with 
passage,  a  leveling  off  for  a  short  period  of  time. 
Another  slight  fall  is  evident  with  the  approach 
of  the  surface  position  of  the  occlusion.  After 
passage  the  pressure  shows  a  steady  rise. 

The  pressure  trough  and  the  accompanying 
isobar  kinks  are  often  more  distinct  at  the  upper 
front  than  they  are  at  the  surface  occluded 
front.  Typical  isobaric  patterns,  tendency  fields, 
winds,  and  weather  distribution  are  shown  in 
figure  5-41. 


LARGE  N 
TENDENCIES 


SMALL  W 
TENDENCIES 


Figure  5-41. -Typical  warm  ' 
on  a  surface  i 


AG.495 
'  type  occlusion 


The  intensity  of  the  weather  along  the  upper 
front  decreases  with  distance  from  the  peak  of 


the  warm  sector,  and  both  fronts  become 
progressively  weaker  and  most  diffused  as  they 
approach  the  center  of  low  pressure.  Note  that 
the  closed  isobars  are  very  nearly  circular;  this  is 
typical  of  all  mature  occlusions  undistorted  by 
orographic  barriers.  It  is  often  noted  that  after 
occlusion  the  center  of  lowest  pressure  tends  to 
roll  back  along  the  occlusion. 

Upper  Air  Characteristics 

TEMPERATURE  CURVES.-Tlie  same  state- 
ments as  thocv  made  for  cold  type  occlusions 
apply  to  the  warm  type  as  well. 

UPPER  AIR  CHARTS.~The  warm  type  oc- 
clusion (like  the  cold  type)  would  appear  on 
upper  air  charts  at  approximately  the  same 
levels.  However,  one  distinct  difference  does 
appear  in  the  location  of  the  warm  ridge  of  air 
associated  with  occlusions.  The  warm  tongue,  as 
evidenced  by  the  KOOO-500  mb  thickness  analy- 
sis, reveals  that  the  warm  ridge  in  the  thickness 
pattern  lies  just  to  the  rear  of  the  occlusion  at 
the  peak  of  its  development. 

In  the  late  stages  of  development  of  both 
types  of  occlusions,  the  warm  tongue  becomes 
quite  narrow  as  it  works  its  way  around  the 
surface  low  center.  When  this  occurs,  there  is 
usually  a  closed  thickness  minimum  south  of  the 
sea  level  low. 

MODIFICATIONS  OF  FRONTS 

Up  to  this  time  we  have  been  discussing 
typical  characteristics  of  fronts  with  little  regard 
to  the  modifications  they  undergo  when  passing 
over  certain  types  of  land  areas  such  as  moun- 
tain barriers.  Mountain  barriers  are  but  one  of 
the  factors  that  have  considerable  effect  on 
frontal  characteristics.  These  barriers  affect  the 
speed,  slope,  and  weather  activity  associated 
with  the  front.  The  degree  of  modification  that 
a  mountain  barrier  has  on  a  front  depends  on 
the  size  of  the  barrier,  the  orientation  of  the 
front,  and  the  stability  of  the  air  masses  in- 
volved. 

MODIFICATION  OF  WARM  FRONTS 

On  the  windward  side  of  the  mountain,  the 
precipitation  area  is  widened  and  the  duration 
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Figure  5-39.-lllustration  of  typical  lapse  rate  changes  in  a  cold  front  occlusion. 


Cold  front  type  occlusions  are  quite  common 
in  the  westeni  parts  of  oceans  in  winter.  In 
summer  this  type  is  the  rule  along  the  west  coast 
of  the  United  States,  Canada,  and  Alaska  where 
the  ocean  air  is  colder  than  the  warm  air  over 
the  continents. 

WARM  TYPE  OCCLUSIONS 

Figure  5-40(A)  and  (B)  illustrates  the  vertical 
and  horizontal  structure  of  a  warm  type  occlu- 
sion in  its  early  stages  of  development.  Line 
A-A^  corresponds  in  each  figure. 

Figure  5-40(A)  shows  the  structure  of  the  air 
masses,  and  figure  5-40(B)  shows  how  the 
occlusion  would  be  depicted  on  a  surface  chart. 
The  occlusion  is  represented  as  a  continuation  of 
the  warm  front.  The  cold  front  aloft  is  repre- 


sented on  all  charts  below  the  level  at  which  it 
intersects  the  warm  front. 

Weather 

The  weather  associated  with  warm  front 
occlusions  has  the  characteristics  of  both  warm 
and  cold  fronts.  The  sequence  of  clouds  ahead 
of  the  occlusion  is  similar  to  the  sequence  of 
clouds  ahead  of  a  warm  front,  while  the  cold 
front  weather  occurs  near  the  upper  cold  front. 
If  either  the  warm  or  cool  air  which  is  lifted  is 
moist  and  unstable,  showers  and  sometimes 
thunderstorms  may  develop.  Weather  conditions 
change  rapidly  in  occlusions,  and  are  usually 
most  severe  during  the  initial  stages.  However, 
when  the  warm  air  is  lifted  to  higher  and  higher 
altitudes,    the    weather    activity  diminishes. 
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CUMULX)N1M6US 


WARM  AIR 


DISTANCE  MfUS 


250 


(A) 


(B) 


Figure  540.-l!lustration  of  warm  type  occlusion.  (A)  Vertical  structure;  (B)  horizontal  structure. 

Surface  Indication.s 


AG.494 


Showers  and  thunderstorms,  when  they  occur, 
are  found  just  ahead  and  with  the  upper  cold 
front.  Normally,  there  is  clearing  weather  after 
passage  of  the  upper  front,  but  this  is  not  ahvay5> 
the  case. 


The  warm  type  occhision  lies  in  the  same  type 
of  pressure  pattern  as  the  cold  type  occhision. 
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riie  most  reliable  identifying  characteristics  of 
the  upper  front  are: 

1.  A  line  of  marked  cold  frontal  precipitation 
and  cloud  types  superimposed  on  warm  frontal 
types  ahead  of  the  occluded  front. 

2.  A  slight  but  distinct  pressure  trough. 

3.  A  line  of  pressure  tendency  discontinui- 
ties. The  pressure  tendency  shows  a  steady  fall 
ahead  of  the  upper  cold  front  aloft  and,  witl^ 
passage,  a  leveling  off  for  a  short  period  of  time. 
Another  slight  fall  is  evident  with  the  approach 
of  the  surface  position  of  the  occlusion.  After 
passage  the  pressure  shows  a  steady  rise. 

The  pressure  trough  and  the  accompanying 
isobar  kinks  are  often  more  distinct  at  the  upper 
front  than  they  are  at  the  surface  occluded 
front.  Typical  iso baric  patterns,  tendency  fields, 
winds,  and  weather  distribution  are  shown  in 
figure  5-41. 


AG.495 

Figure  541.-Typical  warm  '     '  type  oculusion 
on  a  surface  i 


the  warm  sector,  and  both  fronts  become 
progressively  weaker  and  most  diffused  as  they 
approach  the  center  of  low  pressure.  Note  that 
the  closed  isobars  are  very  nearly  circular;  this  is 
typical  of  all  mature  occlusions  undistorted  by 
orographic  barriers.  It  is  often  noted  that  after 
occlusion  the  center  of  lowest  pressure  tends  to 
roll  back  along  the  occlusion. 

Upper  Air  Characteristics 

TEMPERAT^JRE  CURVES. -The  same  state- 
ments as  thocv  made  for  cold  type  occlusions 
apply  to  the  warm  type  as  well. 

UPPER  AIR  CHARTS. -The  wann  type  oc- 
clusion (like  the  cold  type)  would  appear  on 
upper  air  charts  at  approximately  the  same 
levels.  However,  one  distinct  difference  does 
appear  in  the  location  of  the  warm  ridge  of  air 
associated  with  occlusions.  The  warm  tongue,  as 
evidenced  by  the  1 ,000-500  mb  thickness  analy- 
sis, reveals  that  the  warm  ridge  in  the  thickness 
pattern  lies  just  to  the  rear  of  the  occlusion  at 
Ihc  peak  of  its  development. 

In  the  late  stages  of  development  of  both 
types  of  occlusions,  the  warm  tongue  becomes 
quite  narrow  as  it  works  its  way  around  the 
surface  low  center.  When  this  occurs,  there  is 
usually  a  closed  thickness  minimum  south  of  the 
sea  level  low. 

MODIFICATIONS  OF  FRONTS 

Up  to  this  time  we  have  been  discussing 
typical  characteristics  of  fronts  with  little  regard 
to  the  modifications  they  undergo  when  passing 
over  certain  types  of  land  areas  such  as  moun- 
tain barriers.  Mountain  barriers  are  but  one  of 
t!ie  factors  that  have  considerable  effect  on 
frontal  characteristics.  These  barriers  affect  the 
speed,  slope,  and  weather  activity  associated 
with  the  front.  The  degree  of  modification  that 
a  mountain  barrier  has  cn  a  front  depends  on 
the  size  of  the  barrier,  the  orientation  of  the 
front,  and  the  stability  of  the  air  masses  in- 
volved, 

MODIFICATION  OF  WARM  FRONTS 


The  intensity  of  the  weather  along  the  upper  On  the  windward  side  of  the  mountain,  the 

front  decreases  with  distance  from  the  peak  of      precipitation  area  is  widened  and  the  duration 
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and  intensity  are  increased.  This  is  due  to 
slowing  down  of  the  front,  caused  by  trapping 
the  cold  air  between  the  frontal  surface  and  the 
mountain.  It  is  also  due  to  increased  lifting 
afforded  by  the  mountains.  On  the  lee  side  of 
the  mountain,  the  precipitation  area  and  intens- 
ity are  decreased. 

The  front  may  move  over  the  lee  side  of  the 
mountain  for  a  considerable  distance  before 
reaching  the  ground  again  if  the  air  on  the  lee 
side  is  extremely  cold. 

MODIFICATION  OF  COLD  FRONTS 

On  the  windward  side  of  the  mountain 
barrier,  the  precipitation  ahead  of  the  front  is 
increased  due  to  lifting  of  the  air  over  the 
mountains.  The  speed  of  movement  of  the  front 
is  decreased,  since  the  air  must  push  up  over  the 
retarding  barrier.  The  frontal  slope  may  be 
steepened  as  it  passes  over  the  barrier;  and  if  the 
cold  front  has  a  higher  potential  temperature 
than  the  valley  over  which  it  passes,  it  may  not 
touch  the  ground.  In  this  case  it  will  appear  as 
an  upper  cold  front,  and  can  be  detected  by 


surface  tendencies  and  associated  weather.  This 
situation  is  common  over  the  Rockies  in  winter. 

On  the  lee  side  of  the  mountains,  the  move- 
ment of  the  front  is  accelerated.  The  intensity  of 
the  front  decreases  due  to  adiabatic  warming  as 
it  descends  the  lee  of  the  barrier.  The  frontal 
activity  again  increases  as  the  front  moves  away 
from  the  barrier. 

Wave  formation  on  a  cold  front  may  occur 
when  it  passes  over  a  mountain  barrier  if  a 
portion  of  the  cold  front  is  retarded  while 
another  portion  is  not, 

MODIFICATION  OF  OCCLUSIONS 

Occluded  fronts  are  affected  in  much  the 
same  manner  as  cold  and  warm  fronts.  Cold 
front  type  occlusions  usually  act  as  cold  fronts, 
and  warm  front  type  occlusions  as  warm  fronts. 
Mountain  barriers,  however,  may  accelerate  the 
occlusion  process  in  that  they  retard  the  warm 
front  so  the  cold  front  overtakes  it  more  rapidly 
than  if  the  warm  front  continued  to  move  at  its 
normal  rate  of  speed. 
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CHAPTER  6 

SURFACE  WEATHER  MAP  ANALYSIS 


IW  Aeroiiraphor's  Male,  Tiist  Class  or  (  hiof, 
who  is  given  the  job  ol  Ibrceasling  the  weather  is 
faced  with  innumerable  problems.  \s  the  niun- 
ber  of  reportniii  stations  anil  tlie  aiea^uvcreJ  b\ 
these  stations  mere.  ,  the  success  oi  the  mete- 
orologist depends  to  a  greater  extent  upon  his 
ability  to  evaluate  all  the  data.  Because*  moie 
information  is  available  at  the  surface,  the  sea 
level  chart  continues  to  be  the  basis  upon  which 
other  analyses  are  based.  1  he  higher  level  anal- 
yses, as  pointed  out  previously,  aid  in  construct- 
ing a  3-dimensional  model  of  the  surface  analysts 
as  well  as  provide  charts  loi  other  nieteuiolog- 
ical  puq^oses, 

OBJECTIVES  OF  MAP  AN  MASKS 

flic  problem  of  the  analyst  is  a  multiple  one. 
The  analyst  is  faced  wi/i  a  chart  upon  which  is 
plotted  a  maze  o I  synchronously  observed  data 
whereby  he  is  required  to  perform  tiu^  following 
ta.sks. 

L  Delineate  by  accepted  stand,ird  ^ets  ol 
linos  and/or  symbols  the  current  state  ot  the 
atmosphere  and  how  it  arrived  at  that  state. 

2.  Decide  what  particular  atmospheric  proc- 
esses are  involved   in  the  produaion  of  the 
various  knuls  of  weather  reported,  representing 
the  processes  where  possible  bv  a^^^^pt^d  %tand 
ard  3-diinensional  models. 

3,  Complete  the  analysis  in  the  shortest 
amount  of  time  so  that  it  mav  K-  oscd  Un 
briefing  and  forecast inji  pun^oscs. 


SUBDIVISION  OF  THE  PROBLEM 

As  a  means  of  approaching  the  subject  of  map 
analvsis  the  procedure  should  be  divided  into 
logical  steps.  In  this  chapter  the  following 
approach  is  used.  These  categories  are  listed 
below  in  increasing  order  of  extent  and  impor- 
tance. 

Local  Analysis 

Local  analysis  is  concerned  with  the  examina- 
tion of  data  in  a  small  area  or  at  a  fixed  spot 
over  a  short  interval  of  time  such  as: 

L  Detection  of  errors  in  a  particular  report 
by  comparison  with  surrounding  reports. 

2.  l,ocatioii  of  a  front  between  two  adjoining 
reports, 

3.  Idimination  of  unrepresentative  elements 
of  a  report. 

4.  pAamiiiation  of  hourly  sequences  from 
airports  or  3-h(nirly  sequences  from  weather 
ships  for  indications  of  frontal  passage  or  of 
inconsistencies  between  successive  reports. 

Intermediate  /\nalys  ^ 

The  sn)pe  of  intermediate  analysis  is  com- 
prised prmupally  of  the  fitting  of  synoptic 
models  to  data  covering  an  area,  roughly  that  of 
a  c>*.lone  o\  anticyclone.  I  he  models  of  trougns, 
ridges,  fronts,  wave  cyclones,  cutoff  lows,  block- 
ing highs,  and  occluded  cyclones  are  elements  of 
mterinediate  analysis.  However,  such  details  as 
the  kiiik  in  an  isobar  at  a  front  in  an  occluded 
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cyclone  would  be  an  item  of  local  analysis. 
Where  considerations  of  iniennediate  analysis 
cannot  be  reconciled  with  those  of  local  analy- 
sis, intermediate  analysis  should  take  prece- 
dence. 

Extended  Analysis 

The  most  comprehensive  and  important  cate- 
gory is  that  of  extended  analysis.  It  includes  all 
time  and  space  relationships  among  the  elements 
of  intermediate  analysis. 

Time  relationships  are  generally  grouped  un- 
der the  heading  of  history  or  historical  sequence. 
The  term   continuity  is  also  used  with  this 
connotation.  If  a.iy  one  element  of  extended 
analysis  is  to  be  singled  out  for  precedence  over 
all  others,  it  mu.st  be  history  or  continuity.  This 
means  that  no  particular  weather  chart  can 
properly  be  analyzed   in  isolation   from  its 
predecessors.  The  first  and  most  important  step 
in  the  analysis  of  any  weather  chart  is  therefore 
the  transfer  of  the  previous  positions  and  inten- 
sities of  all  significant  metcorv')logical  fronts  and 
pressure  systems  of  tne  last  analyzed  chart  to 
the  current  unanalyzed  charl.  This  is  besl 
accomplished  by  tracing  a  lintj  (over  a  light 
table)  with  a  yellow  pencil  or  a  narrow  dashed 
line  with  ink,  the  previous  positions  of  fronts, 
troughs,  and  ridge  lines,  and  by  spotting  the 
previous  positions  and  central  pressures  of 
closed  lows  and  highs.  Placing  past  positions  on 
current  charts  essentially  converts  time  relation- 
ships into  space  relationships,  and  subsequent 
analyses  can  be  carried  out  in  tenns  of  con- 
sistent displacements.  This  particular  feature  of 
analysis  is  extremely  important. 

Of  almost  equal  importance  are  the^relation- 
ships  among  the  various  synoptic  models  on  a 
particular  chart  and  the  geometrical  and  mete- 
orological consistency  of  analyses  at  one  level 
with  those  at  neighboring  levels  in  space.  Only 
then  can  a  proper  3-dimensional  picture  of  the 
current  stru^^ture  of  the  atmosphere  be  obtained. 

It  *;hould  be  emphasized  that  the  discussion  of 
relative  precedence  in  this  section  implies  cor- 
rect analyses  in  each  category.  Obviously,  incor- 
rect extended  analysis  should  never  take  prece- 
dence over  correct  intennediate  or  local  analysis. 


For  instance,  it  is  often  necessary  to  reanalyze  a 
'^hart  in  the  light  of  later  data  and  events  shown 
on  later  charts. 

SUMMARY 

You  can  readily  see  that  a  knowledge  of  the 
basic  meteorological  concepts  and  models  pre- 
sented in  earlier  chapters  of  this  training  manual 
is  a  natural  prerequisite  to  a  thorough,  complete, 
and  correct  analysis  of  a  weather  chart.  Given  a 
workable  vocabulary  of  synoptic  models,  you 
should  encounter  the  least  difficulty  with  inter- 
mediate analysis.  Local  analysis  will  require  an 
understanding  ana  familiarity  with  the  quality 
and  peculiarities  of  reports.  You  will  become 
proficient  in  extended  analysis  only  after  you 
have  acquired  a  basic  understanding  of  the 
physical  and  dynamic  processes  which  give  rise 
to  the  circulation  patterns  of  the  atmosphere 
combined  with  sufficient  experience  and  knowl- 
edge of  synoptic  charts. 


ANALYSIS  APPROACH 

The  surface  synoptic  weather  chart  is  the 
principal  working  tool  of  the  forecaster.  The 
first  step  in  the  analysis  of  data  after  it  has  been 
plotted  on  the  surface  weather  chart  is  for  the 
forecaster  to  be  completely  familiar  with  the 
quality  of  the  data.  Knowledge  of  the  probable 
errors  and  the  types  of  nonrepresentative  ob- 
servations give  the  forecaster  a  better  chance  of 
filtering  out  errors  by  the  smoothing  process. 
The  types  of  errors  that  can  frequently  be 
corrected  prior  to  analysis  are:  continuing  pres- 
sure errors  from  successive  reports  of  ships; 
communications  garbles  or  errors;  pressure 
tendencies  which  do  not  agree  with  reported 
pressure;  and  ship  winds  which  are  not  in 
agreement  with  the  magnitude  or  direction  of 
sea  swell  or  have  been  plotted  in  the  wrong 
quadrant  of  the  globe. 

When  all  available  synoptic  reports  have  been 
correctly  and  completely  entered  and  their 
quality  evaluated,  the  weather  chart  is  ready  for 
analysis.  A  number  of  different  recommended 
procedures  are  available  for  the  analyst  to  use. 
In  this  chapter,  in  general,  we  use  the  procedure 
outlined  in  the  first  portion  of  chis  chapter. 
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EVALUATION  OF  DATA 

There  is  always  the  possibility  of  an  error  in 
plotted  reports  because  of  faulty  instrumenta- 
tion, observation,  transmission,  or  charting. 
Also,  even  though  correct,  surface  reports  are 
sometimes  not  representative  of  the  surrounding 
area  or  of  conditions  aloft.  The  analyst  is 
therefore  required  to  be  constantly  on  the  alert 
for  errors  or  nonrepresentativeness;  the  quality 
and  usefulness  of  the  analysis  depending  upon 
his  judgement  and  keeness  of  perception  when 
interpreting  reports.  Location  errors  are  rare  for 
land  stations  where  the  station  number  is 
printed  on  the  chart.  Reports  from  ships,  how- 
ever, are  frequently  found  to  be  in  error  for  one 
or  more  of  the  following  reasons.  Erroneous 
pressures  are  due  to  inaccurate  reading  or 
calibration  of  the  barometer  and  by  either 
applying  corrections  incorrectly  o*-  by  failing  to 
apply  the  needed  corrections  at  all.  Errors  in 
transmission  by  radio,  errors  caused  by  differ- 
ence in  time,  and  frequent  errors  of  ship's 
position  by  5"^  to  10"^,  either  in  latitude  or 
longitude.  A  good  remedy  for  the  position  and 
other  type  errors  from  ships  is  to  keep  a  running 
log  of  reports  from  merchant  ships.  On  the  log, 
successive  reports  from  any  given  ship  may  be 
plotted  side  by  side  for  ready  comparison. 


Diurnal  Variation  of 
Meteorological  Elements 

Processing  of  large  numbers  of  observations 
for  each  hour  of  the  day  has  shown  that  a 
certain  kind  and  amount  of  change  in  any 
meteorological  variable  can  be  expected  simply 
because  of  the  varying  times  of  day  of  the 
observation.  This  change  is  called  the  diurnal 
variation  of  the  elements.  There  are  also  con- 
siderable seasonal  differences  in  the  elements. 
For  example,  along  coastal  stations,  the  onset  of 
the  sea  breeze  in  the  late  morning  hours  and  a 
subsequent  maximum  velocity  in  the  early  or 
middle  afternoon  is  especially  evident  at  mid- 
latitude  and  some  tropical  stations.  Over  land, 
the  time  ot  maximum  wind  velocity  is  usually 
early  afternoon  when  thermal  convection  has 
reached  its  maximum  and  the  time  of  minimum 
is  the  early  morning  hours  when  the  atmosphere 


is  most  stable.  Similar  variations  are  apparent  in 
pressure  tendency,  temperature,  clouds,  and 
precipitation. 

Temperature  varies  much  less  over  oceans 
than  over  land  diurnally  due  to  the  small  daily 
change  of  the  ocean  surface  temperature.  In 
gentral,  as  the  distance  from  water  bodies 
increases,  the  average  diurnal  temperature  range 
also  increases.  Precipitation  at  most  inland  sta- 
tions and  more  particularly  in  the  Tropics  shows 
a  maximum  in  the  afternoon  coupled  with  the 
maximum  of  convectiona!  storms  that  time. 
At  tropical  islands,  oceans,  and  coastal  stations, 
the  maximum  precipitation  appears  at  night. 

Detection  of  Erroneous  Data 

The  validity  of  a  report  or  part  of  a  report 
becomes  suspect  when  it  is  inconsistent  with 
nearby  reports  (in  case  of  dense  synoptic  net- 
works), contains  internal  inconsistencies,  or 
leads  to  marked  or  unlikely  changes  in  con- 
tinuity or  history  (in  areas  of  sparse  data). 

The  first  two  cases  involve  principally  a 
problem  of  local  analysis.  The  reports  should  be 
compared  with  neighboring  data,  exercising  care 
that  comparative  data  are  observed  at  the  same 
altitude  and  over  the  same  type  of  underlying 
surface.  The  last  case  involves  an  isolated  report 
and  requires  the  application  of  all  categories  of 
analytical  tools.  If  possible  the  previous  S-hourlj 
reports  from  this  station  should  be  consulted  to 
check  for  continuity.  Sometimes  in  the  case  of 
an  apparently  erroneous  isolated  report  it  is 
virtually  impossible  to  check  its  validity.  How- 
ever, never  disregard  or  discard  an  isolated 
report  simply  because  it  is  difficult  to  fit  into  a 
preconceived  pattern.  At  least  one  or  more  valid 
logical  reasons  should  exist  for  not  drawing  to 
such  a  report.  Many  analysts  have  violated  this 
rule  only  to  find  that  subsequent  charts  con- 
firmed the  existence  of  an  important  meteoro- 
logical event. 

Climatology  can  also  be  used  to  detect  errone- 
ous reports;  for  example,  snow  in  the  summer  or 
an  80^F  temperature  inside  the  Arctic  circle. 
Random  eirors  are  the  most  difficult  to  detect 
unless  th.-y  are  large,  while  systematic  or  re- 
peated errors  are  more  easily  discovered  and 
corrected. 
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Classification  and 
Correction  ol*  Errors 

On/c  an  error  is  detected,  the  data  nuust  not 
he  discarded  arbitiarilv.  Some  attempt  >liould  he 
made  to  estimate  ihe  proper  correction  of  the 
data.  After  detecting  the  erior.  \oii  .should  make 
a  careful  consideration  of  the  po.s.sible  .sources  of 
the  error.  A  convenient  cla.s.s;ncation  of  errors 
by  source  i,s  the  following,  errors  due  to 
encoding,  tran.smi.sMon.  decoding,  and  plotting, 
errors  of  observations,  and  computational  erroL-* 
in  data  not  directiv  ob.scrved. 

Errors  in  the  fir.st  group  are  c.s.sentialK  com- 
munications errors.  Mistakes  in  decoding  or 
plotting  are  the  most  ea.sil>  checked,  requiring 
only  a  re-examination  of  the  original  me.s.sage. 
This  should  be  the  llrst  step  toward  correction 
of  inconsistent  or  suspect  dat.i.  A  transpo.sition 
of  numerical  digit.s  for  the  correct  ones  can 
occur  both  in  landline  operation  and  more 
comn;  nly  in  CW  mes.sages  which  are  in  .Morse 
code.  Substitutions  of  a  I  for  a  6.  or  2  for  7  ean 
occur  in  the  CW  message  if  the  operator  trans- 
posed ^.lots  and  ilashe.s.  Frequently,  on  teletypes 
the  neighboring  digit  i,s  .substituted  for  the 
correct  one.  for  example  a  ^  or  a  7  for  a  6. 
These  errors  are  equally  probable  in  any  numeri- 
cal group,  but  only  those  occurring  at  po,sitions 
where  the  units  being  transmitted  are  fairly  large 
will  they  be  detectable  and  correctable.  Thus, 
errors  in  the  tens  digit  of  pressure  or  tempera- 
ture are  usually  obvious,  but  similar  transposi- 
tions in  the  units  digit  cannot  be  idenlified  so 
easily.  Krrors  of  this  tvpe  are  also  common  in 
wind  direction  and  ship  po.sition  reports. 

As  the  number  of  errors  or  inconsistencies  in 
a  single  report  increa.se.s.  .so  does  the  probability 
that  the  remainder  of  the  report  is  also  errone- 
OU.S.  In  the  analy.si.s  of  these,  as  well  as  other 
communicatiohs  errors,  a  well-trained,  experi- 
enced, and  consciei  .ious  plotter  is  of  inestima- 
ble value  to  the  analyst.  However,  even  an 
experienced  plotter  sliould  never  be  aiiovved  to 
change  any  element  ol  „  report.  This  is  a  job  for 
the  analyst.  The  plott».,  should  be  given  instruc- 
tions to  distinguish  these  types  c»r  data,  such  as 
placing  a  question  liiark  next  to  the  dubiou; 
element  or  report. 

Observational  and  computational  errors  of 
most  reports  received  from  other  weather  units 


are  almost  impossible  to  correct.  However,  .some 
stations  may  make  consistent,  obvious  errors  in 
weather  element  values  and  a  list  of  these 
stations  .should  be  maintained  with  the  nrobabl«- 
correction  to  l>e  applied  to  the  weatlier  lepoit. 

Computational  eirors  are  more  likel>  m  upper 
air  data  than  .sea  level  data,  since  most  of  the 
latter  are  directly  ob,scned-  Exceptions  are  sea 
level  pressure  reductions,  devvpoint  tempera- 
tures, and  irue  wind  speed  and  direction  re- 
ported by  moving  .ships.  The  first  two  elements 
are  geneially  taken  directly  Irom  tables  or 
graphs  prepared  especially  for  such  calculations 
and  the  errors  ajse  prmeipally  from  the  u.sf  of 
incorrect  or  .nrepresentative  entries  lo  the 
tables  or  graphs.  Greater  reliance  should  be 
placed  on  true  wind  reports  from  ships  known 
to  carry  well-trained  ob.servers.  .such  as  weather 
ships,  naval  vessels,  and  large  commercial  Imer.s, 
Many  smaller  ve.s.sels  are  not  equipped  with 
anemometers,  in  which  case  direct  estimates  of 
true  wind  are  made  using  the  Beaufort  .scale  to 
correlat the  state  of  sea  with  the  wind  speed. 

REPRESENTATIVENESS  OF  DATA 

Even  when  all  the  probable  errors  in  a  report 
are  accounted  for.  parts  of  it  may  still  be 
incon.si^te^t  vvitli  corresponding  parts  of  other 
reports  iicarbv  oi  within  the  .same  air  mass.  Such 
a  report  is  then  said  to  be  unrepresentative  of 
the  property  being  delineated.  Any  meteorologi- 
cal element  subject  to  purely  local  inlluences 
such  as  heating  or  cooling,  terrain,  water 
.sources,  local  convergence,  and  the  like,  is  likely 
to  be  unrepresentative.  Except  in  the  vicinity  of 
well-defined  currents,  ocean  surfaces  are  more 
homogeneous  hori/.ontally  than  are  land  sur- 
faces, .so  one  would  expect  reports  from  ships 
and  small  vessels  to  be  more  representaMve  than 
continental  report.s.  This  is  generally  true,  but 
important  exceptions  are  noted.  Similarly,  prop- 
eitie.s  of  air  in  the  friction  layer  are  more  .subjcwt 
to  local  influer.ccs  than  are  the  corresponding 
elements  of  the  free  .ilmospherc.  Mere  is  the 
pri.tcipal  rea.son  tor  the  continual  insistence  that 
no  surfai^e  analysis  c.:n  be  considered  completed 
until  it  has  been  shown  to  be  geometrically  «ind 
meteorologically  consistent  with  corresponding 
analyses  in  the  free  atmosphere.  Since  surface  or 
sea  level  data  are  observed  at  the  ba,se  of  the 
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friclioii  Ki\er.  where  local  inlluences  arc  most 
effective,  it  is  easil>  possible  to  find  conditions 
under  which  each  element  of  the  surface  report 
is  nonrcpresentativc.  Tlie  following  section  con- 
tains a  discussio.^  of  tlic  represcnlali\eness  of 
some  of  the  viirious  meteorological  elements. 

Sea  Level  Pressure  (PPP) 

Pressure  at  station  level  is,  by  definition 
representative  of  the  mass  of  the  air  column  or 
unit  cross  section  above  the  station.  Station 
pressures  at  different  levels  must  be  reduced  to  a 
common  reference  level  if  they  are  to  be  useful. 
The  most  common  level  for  surface  charts  is  sea 
level.  Sea  level  pressure  reported  by  a  station  not 
at  sea  level  is  a  convenient  fiction  arrived  at  by 
substituting  for  the  missing  part  of  the  air 
column  a  column  of  nonexistent  air  with  an 
estimated  mean  density  and  of  length  equal  to 
the  altitude  uf  the  station.  The  representa- 
tiveness  of  such  derived  pressure  is  thus  deter- 
mined by  the  representativeness  of  the  mass  of 
the  substitute  air  column.  Obviously,  the  shorter 
the  column,  the  greater  is  the  chance  of  its 
having  a  representative  mass.  Overestimates  of 
the  mean  temperature  of  the  column  in  question 
will  result  in  reported  sea  level  pressures  that  are 
unrepresentative  on  the  low  side  and  vice  versa. 
Thus,  a  mountain  station  with  a  temperature 
lower  than  its  neigliboring  stations  will  report  a 
higher  sea  level  pressure.  This  is  also  the  reason 
why  the  intensity  of  thermal  highs  and  lows  in 
mountain  and  laceau  areas  is,  to  some  extent, 
fictitious  on  sea  level  charts.  It  is  also  the  reason 
why  some  other  level  than  sea  level,  as  the 
reference  level,  is  used  for  constructing  charts  in 
these  areas. 

Pressures  reported  by  stations  at  or  near  the 
reference  level  are  the  most  representative  of  all 
the  meteorological  elements,  althougli  (espe- 
cially in  the  case  of  ship  reports)  they  are 
subject  to  error. 

Sea  level  pressure  reports  from  mountain 
stations  wliicli  extend  well  above  the  average 
surrounding  terrain  should  be  disregarded  in 
drawing  the  sea  level  pressure  pattern.  For 
example,  a  station  such  as  Leadville,  Colorado,  Is 
10,158  feet  above  sea  level.  Since  the  pressure  at 
10,000  feet  is  about  700  inilibars,  the  correction 
to  ,^ea  level  is  ubout  300  milibars.  You  can 


readily  ,see  that  an  error  of  only  1  percent  in 
estimating  the  mean  den.sity  of  the  substitute 
colunm  would  therefore  result  in  a  3-mb  error  in 
sea  level  pressure.  Station  level  pressure,  or  sea 
level  pressure  at  a  station  near  sea  level,  would 
be  the  most  representative  element  f  the 
meteorological  report. 

Table  6-1  shows  probable  errors  in  pressure 
observations  that  are  used  by  the  National 
Meteorological  Center  (NMC). 

Pressure  Tendency  and 
Net  3  Hour  Change  (app) 

Ships  wiihout  a  barograph  do  not  report 
pressure  tendency.  Land  stations  report  the 
most  accurate  3-hourI>  changes  in  pressure, 
followed  by  the  stationary  ships  such  as  Ocean 
Station  Vessels.  Some  shipping  is  subject  to 
erratic  course  and  speed  variations  which  make 
pressure  tendencies  and  net  3-hour  changes  seem 
inaccurate. 

The  characteristic  of  the  change  in  pressure 
and  the  amount  of  the  change  are  very  i.npor- 
tant  clues  to  developing  weather  situations.  On  a 
moving  ship,  the  pressure  change  indicated  by 
the  barograph  is  due  to  the  actual  change  in 
atmospheric  pressure  plus  the  change  in  pressure 
as  the  ship  moves  in  relation  to  the  high-  and 
low-pressure  areas.  For  example,  a  ship  sailing 
eastward  at  15  kt  and  being  overtaken  by  a 
low-pressure  system  moving  at  20  kt  would 
show  a  slowly  falling  pressure  characteristic. 
Thus,  two  ships  i:  'he  same  area  might  actually 
report  different  pressure  characteristics  and 
changes  in  the  DsV^app  group.  The  forecaster  is 
able  to  correct  apparent  pressure  change  to  true 
pressure  change  by  using  the  direction  of  move- 
ment and  speed  of  the  ship  (D^Vs)^  and  the 
movement  of  the  pressure  system. 

Temperature  (TT) 

Any  process  or  condition  which  tends  to 
produce  cooling  in  the  lowest  layers  of  the 
atmosphere  will  cause  a  low-level  or  ground 
inversion,  the  intensity  of  which  is  a  measure  of 
the  resultant  unrepresentati'.eness  of  the  surface 
temperature.  The  most  common  of  such  proc- 
esses and  conditions  are  (!)  nocturnal  radiation, 
(2)  advection  over  a  colder  surface,  (3)  drainage 
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Parameter 

Probable  Error 

Remarks 

Reduced  sea  level  pressure 
(Land  stations  with 
calibrated  mercurial 
barometers.) 

+  0.  5  mb  per 
1, 000  ft 
elevation 

This  error  results  from 
nonr  epr  es  en  tati  v  e 
temperature  parameter 
in  the  reduction  to  sea 
level  computations. 

Weatlier  ship  pressures 

1  mb 

Occasionally  a  weather 
ship  will  leave  port 
with  its  barometer 
miscalibrated. 

Commercial  ship  pressures 

+  1  to  2  mb 

This  error  is  frequently 
constant  with  a  given 
ship.  Most  ships  use 
aneroid  barometers, 
which  are  less  accurate 
than  mercurial  barometers. 

Table  6-1.— Errors  in  prsssure  observations. 

Because  the  amount  of  unrepresentativeness 
of  surface  temperature  in  a  warm  stable  air  mass 
may  e.xceeci  the  frontal  contrast,  the  curious 
uabc  in  which  the  temperature  rises  following  a 
cold  frontal  passage  can  occur.  Typical  vertical 
temperature  distributions  in  such  a  situation  are 
shown  in  figure  6-1.  The  solid  line  with  ground 
inversion  represents  conditions  before  the  front 
passed,  and  the  broken  line  with  the  higher 
frontal  inversion  represents  the  post  frontal 
condition. 

Frontal  temperature  contrasts  can  also  be 
masked  on  night  and  early  morning  charts  if  the 
warm  air  mass  is  clear  or  nearly  cloudless,  with 
light  winds,  permitting  a  inarked  radiation  inver- 
sion to  form.  Free  atmosphere  temperatures 
should  then  be  used  in  locating  the  front 
discontinuity,  for  example,  on  the  850-mb 
chart,  where  this  surface  is  not  too  near  ground. 

Stations  at  high  altitudes  with  unrepresenta- 
tive temperatures  result  in  incorrect  reductions 
of  pressure  to  sea  level.  Higli  level  stations  under 
clear  conditions  at  night  and  early  morning 
report  sea  level  pressures  too  high,  resulting  in  a 
fictitious  high  in  the  surface  analysis.  Such  a 
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of  cold  :nr  into  valleys,  (4)  snow  on  the  grounv^ 
•rid  fN»  evaporation  from  a  local  water  source. 
All  of  these  processes  except  (2)  and  (5)  are 
ineffective  or  irrelevant  at  sea.  so  temperatures 
'»rc  generally  more  representative  at  sea  than  on 
hind  1  he  prevalence  of  these  processes  on  land 
makes  temperature  the  least  representative  of  all 
cleme-us  of  the  surface  report  from  land  sta- 
tions. 

TnMe  6-2  summarizes  the  relative  unrepresen- 
talivcne.ss  of  temperature  under  various  condi- 
tions. On  land,  surface  temperature  is  in 
accordance  with  table  6-2. 

fn  winter  a  snow  cover  chart  should  be  used 
1^'  :n)  :ud  in  evaluating  surface  .jniperatures.  The 
edge  of  the  snow  field  oft'^-i  appears  in  the 
icmpentlure  field  as  a  pseudo  front. 

Two  exceptions  to  the  representativeness  of 
surface  temperature  at  sea  should  be  noted:  (1) 
Marked  ocean  currents  affect  air  temperatures 
'>ver  OT  near  them;  and  (2)  the  internal  warmth 
of  most  modern  ships  renders  the  proper  ex- 
posuie  f>f  thermometers  almost  impossible.  Even 
with  the  best  exposure,  ship  temperatures 
appear  to  be  about  I'^F  too  high. 
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Mosl  represoiilative 

On  afternoon  maps. 

On  early  n!orniau  nuipt'. 

*In  unstable  (cold)  air  masses. 

*In  stable  ( Will  m  )  air  rua.ss?!  c^. 

♦In  areas  of  stronijj  winds. 

*In  iuous  01  calm  or  Ixi^fjt  -Ainds. 

Windward  side  of  niounlams. 

Leeward  sulo  Oi  niounuiins. 

On  equatorward  slopes  of  liills  and  mountains. 

At  valley  bottom^  *uKi  lui^h  ptMKs. 

♦When  no  precipitation  is  occurring. 

^Durins;  precipitajion. 

In  cloudy  areas  at  niglit. 

In  clear  areas  at  ni^ht. 

On  windward  sides  of  lakes. 

On  leeward  sides  o!  iakf^s. 

Over  i}:rass-covered  areas. 

In  de:?eris.  forests,  and  snov.  lie  Ids. 

Statements  marked  with  (^)  are  equally  true  of  ship  reports. 


Table  6-2.— Surface  temperature  on  lancS. 
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Figure  6-1.— Ulustratlon  of  a  temperature 
rise  with  a  cold  front. 

ficlilioiis  high  should  be  av,jidcd  by  relcrciKc  to 
the  wind  field  just  above  the  surlcice  Iriciion 
Jaycrs.  The  centers  of  clockwise  circulation  at 
these  levels  (in  the  Northern  Hemisphere) 
accurately  pinpoint  the  existence  of  rriie  high 
pressure  centers.  Where  pressure  reductions  ate 


representative.  \\k  iMgh  ceiue*'  uui  ocn'.'"  .»f 
clockwise  cir^iililion  are  generaUy  >K:uiiTcuf 

Dewpoint  (TjT^i ) 

The  dewpoint  tempcivrurc  !>  ivprc'-.-ut^.ip.j' 
whenjver  the  air  temperature  is,  and  "I^m 
repre>Lniati\c  when  air  icmporature  i  h^H  This 
Is  due  to  ihe  tact  that  dewpr  nu  u  rcT-diV^-i;. 
unalTectt.-d  b\  di\  adiifbatic  and  i^<>bau    ii-  » - 
aJiabatic  processes  except  thu^e  invohnit!  .\.»} 
ration  and  Ci>ndenvdu»n     \t  stations  ;u'  r  » 
water  source  or  wltercver  precipitation  o_ur- 
rinii.  dewpoint  t.-mperattire  will  ^c  unr.-pKv  fK 
ati\c.  under  niost  otliti  conditiwiiN  ii  iv 
representan\c  Ih.sn  t^mperatm.'  and  ouca 
be  Used  lo  lliu!  frcMils  where  tlic  lenii  ;i.ituiv' 
contrast  is  masked. 

The  dewpoint  di^continuitv  is  oiten  the  o*i|\ 
means  of  h;ating  tiie  boundaries  of  an  ail^ar,v- 
ing  wedge  or  t«>ngue  ot  m  l  au  1  he  s<'  *  filed 
"dewpoiiu  froiii"  is  generally  locatetl  ihv 
60Hlegree  dewpoint  isothenn  in  wtnicj  !<  'K\i*rs 
mo."^:t  oftei*  in  the  Gulf  Stales  afid  -  an  b  • 
identified  .Met  it  lias  mo.cd  w^W  imai*  i  U  n,, 
the  gull  coast,  bccaa-<.  Jhcfc  »>  ah\a\  ^  ^ 
dewpoint  contrast  between  a  ^^ousial  ind  an 
inlan  1  station,  iiue  1 1  the  w  iici  ^ffc.  tstd  u>tal 
point  >.  file  westciii  btHUUlarv  v»l  thi.  rn.ifl^.a 
dewpomt  i^onirasi  oc»,ars  m  Ic\us.uid  v  ulhci.. 
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Okltilionui  during  miicli  ofllic  year,  but  particu- 
laily  in  wjrnier  i>ea:>on5>.  TIiii>  nortli-soutli  line 
oscillates  from  west  to  cast*  but  raicly  moves 
east  of  Dallas.  It  separates  tlic  low  dewpointsof 
dry  cT  air  over  the  southwest  United  States 
from  the  moist  mT  air  over  the  southeast  United 
States.  Even  though  it  is  so  persistent  as  to  be 
almost  a  climatological  feature  of  this  ''egion,  it 
is  not  a  true  front.  Since  fog,  driz/.Ie,  low 
stratus,  and  restricted  visibilities  are  most  likely 
to  Occur  in  this  moist  tongue,  it  is  a  forecasting 
necessilv  to  keep  track  of  its  boundaries*.  Shad- 
ing the  whole  tongue  light  red  is  an  analytical 
convenience  which  avoids  ihc  err  ^r  of  indicating 
it  a.s  a  front. 

Elevation  differences  between  neighboring 
stations  in  the  s*ime  a  r  mass  generally  :>Iiow  a 
much  .smaller  difference  in  dewpoint  than  in  air 
temperature.  Tliis  is  due  to  the  fact  that  the 
dewpoint  temperature  diminishes  vertically  at 
only  about  one-fifth  the  rate  of  decrease  of  air 
temperature. 

For  the  reasons  outlined  above,  the  dewpoint 
temperature  is  one  of  the  riost  reliable  and 
useful  elements  of  the  surface  repor*. 


Wind  Direction  and  Speed  (ddff) 

Ocean  winu  .eports  from  ves.sels  aie  in  general 
reliable,  but  those  fron.  land  stations  are  otlcn 
affected  by  local  topography,  making  them 
unrepresen.ative  for  a  short  distance  above  the 
surface.  This  zone  is  called  the  friction  layer. 
Wind  in  tht  friction  layer  is  much  more  subject 
to  local  intlueiices  over  land  than  over  water. 
The  principal  causes  are  terrain,  vegetative  cover, 
and  local  heating  and  cooling.  In  many  places 
terrain  ptjrmits  air  to  move  only  in  certain 
directions  with  re5pect  to  its  own  orientation.  It 
also  acts  as  a  windbreak  for  points  on  its  lee 
side.  Frictional  drag  varies  with  vegetative  cover, 
and  local  heating  defonns  the  pressure  pattern 
by  realining  the  surface  isobars  more  nearly 
parallel  to  the  surface  icothenns.  For  all  of  these 
reasons,  a  chart  of  wind*>  above  or  near  the  top 
of  tl;e  friction  layer  is  indispensiible  to  accurate 
surface  analysis  over  land  ai:Ms.  Except  in  very 
mountainous  areas,  the  winds  2,000  feet  above 
the  surface  (not  sea  level)  have  been  found 
adequate. 


The  thermal  deformation  of  local  isobaric 
patterns  is  most  marked  along  coastlines  and 
iakesliores,  and  results  in  adding  to  the  repre- 
sentative wind  the  so-called  sta  or  land  breeze 
component.  Land  breeze  components  are  gen- 
erally smaller  and  more  normal  to  the  shoreline. 
An  estimate  of  the  representative  wind  can  be 
obtained  by  subtracting  the  sea  or  land  breeze 
component  vectorially  from  the  (nonrepresenta- 
tive)  observed  wind,  or  by  consulting  wind 
reports  at  higher  levels.  The  winds  reported  from 
small  islands  often  show  evidence  of  sea  breeze 
components. 

Local  convective  activity  can  affect  surface 
winds  to  a  marked  degree  in  the  immediate 
vicinity  because  of  the  extreme  local  conver- 
gence and  divergence  necessary  to  maintain  or 
compen.sate  for  the  vertical  motion. 

Table  6-3  shows  the  reliability  cf  wind  direc- 
tion and  speed  over  land  surfaces. 

All  the  factors  discussed  in  table  6-3  affect 
both  the  speed  and  direction  of  the  wind.  There 
IS  further  important  correlation  between  these 
two  properties  of  air  motion,  direction  is  most 
representative  when  speed  is  10  knots  or  greater. 
Unless  there  is  reason  to  believe  that  it  also  is 
unrepresentative,  pressure  sliould  be  given  prece- 
dence over  wind  direction  in  drawing  isobars  in 
areas  of  light  winds. 

A  physical  tool  which  is  commonly  used  over 
oceans  where  winds  from  t^hips  can  frequently 
be  converted  into  a  gradient  wind  level  is  the 
geostrophic  wind  scale.  This  scale  is  discussed 
later  is  this  chapter.  Studies  at  the  NMC,  and  by 
others,  show  that  by  increasing  the  surface  wind 
speed  by  one-third  and  adding  20°  to  its 
direction,  a  good  estimate  of  the  sea  level 
pressure  gradient  results  from  ship  reports. 
Although  this  method  is  not  completely  accu- 
rate, this  procedure  in  estimating  the  horizontal 
pressure  gradient  is  a  valuable  tool  in  construct- 
ing analyses  over  sparse  oceanic  areas. 

Present  Weather  (ww) 

The  weather  occurring  at  a  station  is  most 
likely  to  be  representative  if  it  extends  over  an 
appreciable  length  of  time,  but  even  intermittent 
precipitation  can  be  scattered  thoughout  an  air 
mass  and  hence  would  be  representative.  Once 
the  possibility  of  error  has  been  eliminated,  it  is 
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Most  representative 

Unrepresentative 

In  open  flat  ar  as. 

At  coastal  or  island  stations. 

At  mountain  or  valley  stations. 

Over  bare  soil. 

In  forested  areas. 

Windward  side  of  orographic  obstruct ioiib. 

^ec\vard  side  of  olographic  obstructions. 

*In  unstable  air  masses. 

*In  stable  air  masses. 

In  daytime. 

At  night. 

*Near  S  ,  V    ,         ,  etc. 

Items  marked  {*)  apply  equally  to  winds  at  sea. 


Tab!e  6'3.-ReliabiIity  of  wind  data. 


alniObl  alvva\5  ne*^c>>ar>  to  a.s>uinc  that  report jd 
present  weather  is  reprchcniative. 

Snioi^e,  Jubl.  band,  ha/e,  and  fog  are  often 
purely  local  phenomena,  and  hence  can  be 
unrepresentative.  However,  fog  and  dust  can  be 
characteristic  of  «  large  part  of  an  air  mass, 
particularly  advection  fog  and  the  dust  storms  of 
«)uth\vestern  United  States. 

The  ti.ue  of  obbcr nation,  with  respect  to  the 
diurnal  nia.\inu:m  of  variuu^  typcb  of  wcalher. 
should  albO  be  considered. 

Clouds  (Cl,  Cm.  Ch) 

High  and  iniddle  cloud^  are  niore  likely  to  be 
representative  than  iuw  clouds  or  clouds  with 
great  vertical  development.  As  in  the  of 
present  weither,  ihe  diumal  variation  of  the 
btter  types  is  important  in  the  evaluation  of 
their  represe.ntaiiveness. 

A  striking  example  of  unrepresentative  low 
clouds  is  the  ^esl'•coa^l  stratus,  which  rarely 
extends  inland  tor  any  appreciable  distance. 

Visibility  (w) 

Only  reslfiLted  visnihlies  arc  likely  to  be 
linreprcscntacive.  SnJn  vi.sibihtiCN  are  associated 
with  unreprcsentdtiv  J  present  weather  di.scus.sed 
in  a  previous  xSCK-tiun.  Low  visibilities  .ire  not 
likely  to  be  the  result  of  errors  of  judgment,  due 
to  the  existence  of  markers  at  accurately  knovvn 


distances  and  instrumental  observations  at  a  land 
station.  Over  the  sea,  visibility  may  be  quite 
unrepresentative  due  to  the  absence  of  such 
markers  or  instrumental  means. 

GENERAL  SURFACE  ANALYSIS 
PROCEDURE 

There  arc  several  factors  which  influence  the 
order  in  which  a  map  analyst  draws  the  variuus 
elements  of  his  analysis  on  the  surface  weathei 
map.  The.se  factors  niclude  delayed  receipt  of 
reports,  type  of  map  and  '  npending  weather, 
historica!  sequences  available,  relative  difficulty 
of  analyses  in  specf'lc  areas,  auxiliary  upper  level 
data  availal  'e,  time  required  for  coinplet^'on,  and 
skill  and  experience  of  the  analyst.  Moreover, 
very  often  the  various  elements  of  the  analysis 
are  drawn  concarrently  or  certain  wicments  are 
sketched  in  lightly  (or  mentally)  bcfop*  other 
elements  are  drawn  in  their  final  form. 

In  general,  the  various  steps  and  elements  of 
the  analysis  are  usually  carried  out  in  a  ninnner 
similar  to  the  following  outline: 

I.  Indicate  in  ink  (or  yellow  pencil)  at  least 
three  previous  positions  of  all  centers  which  are 
expected  to  be  found  on  the  current  chart.  Also, 
when  available,  draw  in  da.shed  ink  (or  yellow 
pencil)  at  least  two  picvious  positions  of  all 
fronts  whiuh  are  expected  fo  be  carricu  forward 
to  the  current  chart. 
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2.  Try  to  delineate  fronts  before  drawing 
isobars.  This  is  not  alwayh  possible,  especially 
when  tlK  front  is  weak  diffuse.  In  this  case, 
sketch  in  isobars  in  the  areas  where  the  front  is 
most  probable. 

3.  Draw  isobars  or  continue  i^obaric  analysis 
to  delineate  highs,  lows,  and  other  features  of 
the  pressure  pattern. 

4.  Illustrate  by  color  the  sketched-in  posi- 
tions of  the  fronts,  keeping  in  mind  that  the 
color  of  the  front  is  determined  by  the  instanta- 
neous motion  of  the  cold  air  mass. 

5.  Print  a  red  "L"  near  the  center  of  each 
cyclone  and  a  blue  ''H"  at  the  center  of  each 
anticyclone. 

6.  Label  air  masses,  if  appropriate. 

7.  Color  in  all  present  and  past  weather  areas, 
as  appropriate, 

8.  Draw  isallobars— this  is  optional  and  de- 
pends upon  local  policy. 

The  order  may  be  varied  to  conform  to  local 
requirements  and  other  factors  as  mentioned 
above. 

ISOBARIC  ANALYSIS 

At  every  point  on  an  isobar  the  barometric 
pressure,  reduced  to  sea  level,  is  the  same,  if  a 
free  air  map  is  drawn  on  a  vertical  cross  section 
and  points  of  equal  pressure  are  connected,  a 
line  of  constant  pressure  is  found  which  repre- 
sents the  isobanc  surface.  The  surface  is  usually 
not  a  Rat  sunace  but  will  have  hills  and  valleys. 

Since  an  accurate  surface  analysis  is  an  impor- 
tant supplement  to  upper  air  data  in  determining 
many  details  of  analysis  of  upper  air  charts,  the 
final  surface  analysis  must  also  rcllect  general 
upper  air  condition 

Before  proceeding  with  the  analysis,  the 
analyst  should  keep  in  mind  the  following 
considerations; 

1.  Compatibility  of  the  analysis  with  both 
uirreiit  dal..  and  continuit>,  so  that  meteoro- 
logical events  portrayed  on  the  current  chart 
show  logical  devcl.  pment  from  previous  charts. 

2.  Consistency  between  the  actual  windfields 
and  the  movement  of  fron'a  and  air  masses. 

3.  Regard  for  reasonable  continuity  on  the 
basis  of  accepted  models  or  experience  in 
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indicating  intensification  or  weakening  of  pres- 
sure systems,  where  data  are  inadequate  to 
directly  determine  their  intensity. 

4.  Care  in  showing  the  isobaric  angle  at  a 
front,  especially  to  avoid  violation  of  data  in 
attempting  to  conform  to  a  preconceived  model. 

All  three  categories  of  analysis  arc  applicable 
in  the  drawing  of  isobars.  Local  analysis  is  used 
in  interpolating  between  two  reports,  neither  of 
which  has  the  exact  value  to  the  particular 
isobar  being  djawn  and  it  is  also  used  in  deciding 
which  way  the  isobars  are  to  be  drawn  around 
cols  troughs,  ridges,  etc.  Intennediate  analysis 
provides  the  synoptic  models.  Extended  analysis 
in  the  form  of  history  or  continuity  is  used  in 
obtaining  an  approximate  position  and  general 
sliape  of  closed  cuiters.  Relating  cols  to  closed 
centers  by  drawing  intersecting  trough  and  ridge 
lines  is  also  extended  analysis. 

ANGLE  OF  THE  WIND  WITH  THE  ISOBARS 

Owing  to  friction,  the  wind  does  not  blow 
along  the  isobars  exactly  but  a  little  left  or 
across  the  isobar  Irom  higher  to  lower  pressure. 
Because  of  friction  between  the  air  and  sea  or 
land  surfaces,  the  wind  will  blow  across  the 
isobar  from  higher  to  lower  pressures  at  an  angle 
of  10°  to  20°  over  sea;  the  greater  the  v/ind 
speed  the  greater  is  the  angle  of  the  wind 
direction  to  the  isobar.  There  are  exceptions  to 
this  rule  however,  especially  over  land,  and  you 
should  not  insist  too  rigidly  on  this  rule.  Figure 
6-2  illustrates  the  influence  of  the  earth's  rota- 
tion and  friction  of  the  wind  direction. 

WIND  SPEED  AND 
SPACING  OF  ISOBARS 

From  the  discussion  of  the  basic  wind  theory 
in  chapter  4,  several  relationships  between  wind 
speed  and  isobar  spacing  are  evident: 

1.  The  spacing  of  isobars  is  inversely  propor- 
tional to  the  wind  speed.  Isobar  ,spacing  is  a 
representation  of  pressure  gradient,  and  pressure 
gradient  ii>  directly  related  to  wind  speed.  Winds 
are  strong  in  areas  of  large/strong  pressure 
gradient  and  i,sobars  are  close  together,  winds  are 
weak  in  areas  of  small/weak  pressure  gradient 
and  isobars  are  far  apart. 
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Figure  6-2.-Ang!e  of  wind  direction  to  isobars.  (A)  If  the  earth  did  not  rotate;  (B)  influence  of 
earth's  rotation;  and  (C)  influence  of  both  earth's  rotation  and  friction, 

Z.  For  a  given  wind  speed,  the  spacing  be- 
tween isohars  decreases  with  increasing  latitude. 
Table  64  shows  the  spacing  of  isobars  at  4-mb 
intervals  for  geostrophic  wind  speed  versus 
latitude. 

From  table  6-4,  it  may  be  -^.j^^^n  thai  at  latitude 
40^  with  wind  of  20  knots,  the  isobars  at 
intervals  of  4  millibars  should  be  separated  by 
179  miles.  At  60''  with  20  knots,  the  isobars 
should  be  133  miles  apart. 

3.  For  a  given  wind  speed,  the  space  between 
isobars  will  be  greater  with  anticyclonic  curva- 
ture than  with  cyclonic  curvature.  With  a  given 
wind  speed  and  straight  isobars,  the  space 
between  isobars  will  be  less  than  with  anti- 
cyclonic  curvature  and  more  than  with  cyclonic 
ciip/aturc. 

Sometimes  in  areas  where  data  are  scarce,  you 
may  have  io  draw  isobars  with  very  little 
information  available.  Isobars  are  crowded  more 
closely  together  in  ar^as  wher^  the  wind  is 
strong  but  farther  apart  where  the  wind  is  light. 
This  principle  helps  when  observations  are 
scanty  as  illustrated  in  figure  6-3(A)  and  (B). 
When  there  is  a  large  difference  of  pressure 
between  two  ships  on  the  chart,  several  isobars 
must  be  drawn.  If  there  are  no  intervening 
entries  it  is  a  good  idea  to  determine  the  number 
of  isobars  to  be  drawn  and  space  a  series  of  dots 
between  the  ships  to  use  as  a  guide.  If  one  of  the 
ships  has  a  considerably  stronger  wind  than  the 
other,  the  isobars  .should  be  more  clo.sely  .spaced 
near  the  ship  with  the  strong  A^ind. 


Wind 
speed 
observed 
(knots) 

Approximate  distance  (in  nautical 
miles)  between  isobars  drawn  for 
every  4  millibars 

30° 

40° 

50° 

60° 

10 

461 

358 

301 

266 

15 

307 

239 

200 

177 

20 

230 

179 

150 

133 

25 

184 

143 

120 

106 

30 

154 

119 

100 

89 

35 

132 

102 

86 

76 

40 

115 

90 

75 

66 

50 

92 

72 

60 

53 

60 

77 

60 

50 

44 

Table  6-4.— Geostrophic  wind  distance  between  isobars 
over  ocean  at  4-mb  intervals  for  various  wind  speeds 
and  latitudes. 


GEOSTROPHIC  AND  GRADIENT 
WIND  SCALES 

Because  tlie  pressure  gratiient  is  closely  re- 
lated to  one  of  tl;e  principal  components  of  the 
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Figure  6-3.— Isobanc  spacing.  (A)  In  accordance  with 
wind  speed;  (B)  in  accordance  with  the  geostrophic 
wind  scale. 

wind,  and  in  fact  dclLTniincs  the  general  Jircc 
tion  of  the  windflow,  a  powerful  additional  tool 
is  afforded  the  analyst  in  delineating  the  pres- 
sure field.  Where  wind  observations  arc  avaihible, 
isobaric  analysis  is  more  easily  and  accurntely 
accomplished  than  is  the  analysis  of  any  other 
scalar  quantity  of  the  atmosphere.  From  Buys 
Ballofs  law,  relating  wind  and  pressure,  liio 
approximate  location  of  high  and  low  centeis 
can  be  found  without  any  pressure  data  what- 
ever, if  sufficiently  reliable  wind  data  are  avail- 
able. 

There  are  many  sizes,  types,  and  shapes  of 
geostrophic  wind  scales  but  all  have  one  thing  in 
common-they  are  either  a  graphical  or  tabular 
solution  of  the  geostrophic  wind  equation.  The 
computations  made  on  the  geostrophic  wind 
scale  iire  for  straight  isopleths  above  the  fnct'  )n 
layer.  Gradient  wind  scales  are  graphical  solu- 
tions of  the  gradient  wind  equations  where  ti.e 


radius  of  curvature  of  the  path  of  the  air  parcel 
is  taken  into  consideration.  Corrections  are 
made  for  anticyclonic  and  cyclonic  curvature. 

One  type  of  scale  has  as  its  ba^ic  unit  of 
length  in  construction  the  degree  of  latitude. 
This  makes  this  type  scale  independent  of  the 
scale  of  a  particular  map  projection  and  is 
equally  applicable  to  all  chrrts.  The  most  con- 
venient type  scale  is  one  which  can  be  placed  on 
the  chart  where  the  wind  report  is  plotted  or 
where  wind  measurements  are  to  be  made.  This 
requires  that  the  wind  scale  be  constructed  to  fit 
the  map  scale,  which  is  constant  only  on  the 
standard  parallels  of  the  projection.  Such 
geostrophic  wind  scales  have  been  constructed 
for  most  meteorological  charts,  and  are  either 
printed  in  one  corner  of  the  chart  or  on  a 
separate  transparent  overlay. 

In  most  circumstances  the  gradient  wind  is  a 
better  approximation  to  th*  true  wind  than  is 
the  geostrophic  wind.  The  gradient  wind  scale 
should,  therefore,  be  more  useful  than  the 
geostrophic  scale,  but  in  practice  it  is  not, 
principally  because  of  the  complications  in- 
volved in  determining  the  radius  of  curvature  of 
the  path  followed  by  the  air  parcel.  Since  it  is 
such  a  laborious  job  to  correct  for  curvature, 
qualitative  estimates  of  the  curvature  correction 
are  generally  made. 

Wind  analysis  in  the  free  atmosphere  is 
somewhat  different.  Gradient  wind  scales  which, 
in  eftcLt,  compute  path  curvature  from  contour 
curvature  and  Lontour  movements  have  been 
developed  for  use  on  upper  air  charts. 

Further  details  on  thv.  geostruphit  and  gra- 
dient wind  problem  and  various  scales  developed 
tor  use  by  the  Navy  can  be  found  in  Meteorolog- 
ical Wind  Scales,  NW  50-1P-551. 

Use  of  the  Geostrophic  Wind  Scales 

Two  types  of  geostrophic  wind  scales  which 
may  be  used  for  surface  analysis  are  discussed 
here.  The  first  type  is  the  one  that  isconnnonly 
printed  on  the  base  map:  the  other  is  an  overlay 
type. 

ust:  OF  Gi;osTROPnic  wind  scale 

fPRINTLD  ON  BASF  MAP).  An  illustration  of 
the  lyp':  of  geostiophic  wind  scale  for  sea  level 
ourfacc  V  eather  maps  is  shown  in  figure  6-4. 
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Figure  6-4.— Use  of  geostrophic  wind  scale  commonly  printed  on  base  maps. 


1  o  determine  the  wind  speed  at  a  point  over 
the  ocean,  you  would  proceed  as  follows:  First, 
place  the  edge  of  a  sheet  of  paper  at  right  angles 
to  two  successive  isobars  at  the  place  on  the 
weather  map  where  you  want  to  find  the  wind 
speed.  Mark  the  distance  between  the  isobars  on 
the  edge  of  the  sheet  and  also  note  the  latitude. 
Suppose  the  distance  between  the  isobars  as 
marked  on  your  sheet  of  paper  is  equal  to  the 
line  AB  as  shown  at  the  right  in  figure  6-4;  also 
that  the  line  AB  was  at  latitude  40^  on  your 
chart.  Starting  at  the  left  of  the  scale,  measure 
off  the  distance  AB  on  V  line  for  latitude  40^. 
It  can  be  seen  that  point  B  coincides  with  a 
curved  line  in  the  scale.  Looking  down  this 


curved  line  from  point  B,  you  can  then  read  off 
at  the  base  of  the  scale  the  geostrophic  wind 
speed,  which  in  this  case  is  0  knots.  If  point  B 
of  the  line  representing  the  distance  between 
isobars  falls  between  two  curved  wind  speed 
lines  on  the  scale,  you  can  obtain  the  wind  speed 
by  interpolation. 

If  the  distance  you  measured  betwecii  two 
isobars  on  the  weather  map  extended  from  35^N 
to  40^N,  for  example,  you  should  use  the  mean 
of  these  figures,  that  is,  latitude  37.5^  to  find 
the  wind  speed. 

Similarly,  you  can  also  obtain  from  the  scale 
(fig.  6-4)  the  spaci  between  two  isobars  if 
both  the  wind  speed  and  latitude  are  known.  As 
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in  '  \  ji'ipt^. ,  \  oa  kmV       i!k  ..ilucs  ioi  the  vviiul 
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i .  '  /  ,^oh4l^  at  hiUUule  40'  for  a  wind 
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^  .  s     w'     M  t  V    voiu    ivd>ars   tor    the  same 

V  ^t    ^  I    '  I  u  .IKOlMlK     \MM>   SC  ALh 
\>     {  r  IM  I  tvpe    svmd  scale 

ii'  .'f  Tv..    '  '  i»oiK'oi  Uiosw  presented 

>  M>.tvOM.i..-i.n  Wind  Scales/ \\V  5(MP-55!. 
Bv  iUn  ji  »^  c  v.auU  indicatv  d  in  \ppendix 
A  i<  i'  p  ii  lji>  aUvMi  \ uu  wan  uhiain  windsc.des 
ioi  f\'Ki  "^'teic  ^iiiaphk,  I  ainlKrt  ConfoiniaK 
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nitnjhei  troia  ihv*  <.aid  on  an  isobai  line,  and 


v.ui*.u   the   number  ot 


libars  betueen  this 


lituudv'  hi..'  and  ihc  iMH  X  u/iter|>ulate  where 
n.\c-sar\  )  Multiply  ihe  numbci  ot  millibars  by 
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0»»Ai>ed  Versus  GeoNtropluc  Wind 
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•  J  I  »ii4vd  i'v  <uuuning  a  ^c^tam  amount  of 
vi  N>  t  u!»  .1  ;]oyv  iov.afd  lovvck  prc.uir'^  r)b- 
V  ,  ^  A<h  vol  fiu  a^liiilauulc  i>',U%cen  surlacc 
•V  '  « '  *  V  d\irs  iald'  IL  hiotuac^  varv  Irom  a 
t  ,  ,i.r  r*  ot  10  vcf  ovea'i ^  i*>  as  nnali  as  45 
o,  ».  .  ,  ii  .  .-U  i^nam  >\n  averajjc  value  ot 
^  w-.,  v^  nei        ^  *.  <Av.i  kind  i.an  be  used  m 


the  absence  ot  data  to  the  contrary.  The 
frictional  elTects  which  cause  the  cross  isobar 
How  also  reduce  the  speed  of  the  observed  wind 
as  compared  to  the  gradient  wind.  So  many 
factors  are  involved  as  to  make  any  really 
accurate  estimate  of  frictional  effects  on  wind 
speed  virtually  impossible.  Following  the 
practice  used  by  the  NMC,  stated  previously, 
will  be  helpful  in  determining  gradient  wind 
speed  and  direction  over  oceans. 

FLAT  MAPS 

On  the  Hat  map,  winds  are  light  and  variable 
and  pressures  in  certain  regions,  where  isobaric 
analysis  is  attempted,  are  relatively  uniform.  The 
wind  movement  is  irregular  with  no  systematic 
differences  between  barometric  pressure  read- 
ings to  the  right  or  left  of  the  wind.  When  the 
map,  or  any  large  section  of  it,  is  flat  it  is 
helpful  to  study  the  previous  map  prepared  12 
or  24  hours  earlier.  A  well-defined  cyclone  on 
the  previous  map  is  likely  to  persist,  in  a 
modified  form,  and  may  be  possible  to  identify 
within  the  Hat  section  of  the  current  map.  Also, 
keep  in  mind  that  there  are  certain  permanent  or 
semipermanent  features  of  the  pressure  distribu- 
tion and  wind  circulation  of  the  oceans  such  as 
the  Aleutian  Low  and  the  Azores  High.  Even 
when  the  map  is  flat  it  is  usually  possible  to 
trace  wind  circulation  and  the  characteristic, 
though  slight,  variations  that  exist  in  the  vicinity 
of  the  centers. 

COMPUTER  PRODUCTS 

Since  the  advent  of  computer  produced  prod- 
ucts the  accuracy  of  meteorological  analysis 
and  prognosis  has  increased  considerably.  The 
availability  of  computer  products  has  provided  a 
unique  flexibility  in  the  utilization  of  personnel 
and  raw  data.  The  reliance  of  the  forecaster  on 
computer  produced  charts  is  normally  propor- 
tional to  the  time  frame  he  is  working  under  and 
the  availability  of  personnel  to  plot  and  analyze 
b>  ^conventional  means.  In  many  instances  com- 
puter products  are  used  entirely,  either  due  to 
personnel  limitations  or  because  the  computer 
product  is  actually  more  accurate.  The  computer 
is  capable  of  digesting  a  vast  amount  of  data  in  a 
limited  amount  of  time  and  presenting  the 
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forecaster  with  a  fiiiKslied  analysis  or  prognosis 
otherwise  impossible  to  achieve.  There  are  many 
advantages  to  the  machine  produced  product 
such  as  the  elimination  of  many  human  errors. 
However,  the  close  attention  to  detail  necessary 
in  performing  hand  analysis  Uiay  make  this 
procedure  desirable  especially  for  local  area 
analysis  if  it  is  practical  and  circumstances 
permit.  The  forecaster  must  focus  his  attention 
on  many  details  he  might  otherwise  overlook. 
Accurate  local  area  forecasting  is  dependent 
upon  the  number  of  factors  considered  in  the 
forecast,  including  such  factors  as  geographic 
influence,  locai  upper  air  peculiarities,  etc., 
which  the  forecaster  is  capable  of  imposing  upon 
the  large  scale  flow. 

Computer  products  present  an  excellent 
means  of  determining  the  macroscale  meteoro- 
logical features.  They  also  fill  in  ihe  gaps  in  data 
scarce  areas  (oceanic,  desert,  mountain,  etc.).  It 
must  be  reniemberec  however  that  computer 
products  also  have  their  weaknesses  and  that 
their  vj^lidity  should  be  verified  to  the  degree 
possible  and  practical. 

Numerical  Prognoses  Techniques 

The  first  numerical  progno.ses  techniques  used 
either  a  "Barotropic  Model,"  FNWC  Monterey, 
or  a  "Baroclinic  Model,**  National  Weather 
Service.  With  the  u.se  of  these  techniques  the 
machine  product  equalled  or  exceeded  in  accu- 
racy the  product  proc  4ced  by  skilled  fore- 
casters. However,  the  early  model  still  missed 
.strong  development  frequently  because  of  the 
limited  number  of  meteorological  variables  con- 
sidered in  the  prognoses. 

A  new  model  has  been  developed  which  uses 
Newtonian  Equations  and  is  called  the  Primitive 
Equation  (PE)  model.  The  Primitive  Equations 
used  in  the  model  are: 

1.  Newton's  Second  Law  of  Motion.  The 
individual  motion  of  a  particle  of  air  is  the  result 
of  the  sum  of  all  the  forces  acting  on  it. 

2.  The  Thermodynamic  Equation.  Changes  in 
the  potential  temperature  of  a  particle  are  the 
results  of  heating  and  cooling. 

3.  The  Continuity  Equation.  Mass  is  con- 
served. 


4.  The  Conservation  of  Water  Vapor  Equa- 
tion. 

5.  The  Equation  of  State.  Pressure,  density, 
and  temperature  of  a  perfect  gas  are  related. 

6.  The  Hydrostatic  assumption  is  used  in 
place  of  the  vertical  momentum  equation. 

The  PE-Model  vertically  divides  the  Northern 
Hemisphere  atmosphere  into  5  layers,  six  sigma 
surfaces.  (The  sigma  surfaces  are  at  the  bottom, 
between  layers,  and  at  the  top  of  the  atnio.s- 
plicre).  The  basic  inputs  for  the  model  arc: 

1.  Virtual  temperature  analyses  for  the 
Northern  Hemisphere  at  1?  constant  pressure 
levels  distributed  from  1000  mbs  to  50  mb.s. 

2.  Height  analy.ses  at  seven  constant  prcs.sure 
levels. 

3.  Moisture  analyses  at  4  levels  from  the 
.surface  to  SOO  mbs. 

4.  Terrain  field.  (Height  of  mountains). 

5.  Sea  level  pressure  analy.ses. 

6.  Sea  surface  temperature  analyses. 

7.  Albedo  field,  which  is  computed  using  the 
monthly  mean  surface  temperatures. 

0.  Nondivergent  wind  components,  obtained 
from  the  solution  of  linear  balance  equations  at 
pressure  surfaces  with  interpolation  to  sigma 
surfaces. 

During  the  calculation  to  .solve  the  PE  Model 
a  number  of  items  are  considered  such  as: 

1.  Surface  friction  in  the  lowest  layer. 

2.  Radiation  processes,  both  solar  and  terres- 
trial. 

3.  Sensible  heat  exchange  and  evaporation, 

4.  Condensation  and  the  release  of  the  latent 
:ieat  of  condensation. 

5.  Moist  coiivective  processes. 

The  results  of  the  solution  of  the  PE  Model 
are  surface  and  upper  air  prognoses  for  the 
northern  hemi.sphere  for  times  out  to  72  hours, 
as  well  as  additional  information  such  a.s: 

1.  Large  scale  precipitation  prognoses, 

2.  Sea  and  .swell  height  prognoses. 

The  verification  of  the  PE  Model  prognoses 
sliows  a  definite  improvement  in  the  FNWC 
Monterey's  product. 
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SlRf-XCI  PRhSSlRl-  ANAIYSIS.  The 
surtacc  preNsure  analysis  is  aeeoniplishecl 
Ihroiisih  the  U)llowini:  program  mpiu: 

1  Reported  surtaee  observations  (approxi- 
inatelv  4()(K)o000  reports). 

2.  fknirK  fMNior\  tape  of  surfaee  pressure 
proiinosiN  Jemed  lri»in  the  preeecling  OOOOZ  or 
1200/  analysis. 

Ilourlv  history  tape  ol  500  mb  prognosis 
dcrneJ  trom  the  preeeding  UOOOZ  i  r  I200Z 
analysis, 

4.  Surface  pressure  climatology  field  !or  the 
present  ni»>nlh. 

5«  Hemispheric,  surface  eoveiaee  lor  the  pre- 
ceding OOOOZ  or  I  200Z  analysis.  ^ 

PROC, RAM  (OMPLTA RONS.  Construction 
of  tile  MlrM  guesN*'  in  as  iollows.  The  first  guess 
Ui  the  surface  pressure  analysis  is  a  modified 
surface  pressure  prognosis  w  hn.h  venfies  at  map 
time.  This  map  !s  a  resuh  of  eombining  the 
Miour  uld  surface  analysis  and  3  hour  surfaee 
prognosis  \eril\ing  3  hours  prior  to  map  time 
for  the  pm^edure  of  updating  and  reanalysis.  A 
description  of  the  pa)cedure,s  used  in  reanalysis 
is  presented  in  chapter  3  of  the  Computer 
Products  Manual.  NavAir  50-IG-522. 

Program  Limitations 

To  intclligcntiv  utili/,e  the  computer  products 
deiived  irom  the  ci)inputer  program  it  is  impor- 
tant r|i..r  the  forecaster  understand  the  program 
limitations  as  well  as  its  advantages.  Some  of 
these  liniitatii)i!N  arc  presented  in  the  followmg 
paragraphs- 

1  The  surtas.e  pressure  analysis  makes  use  of 
reported  pressures  and  ship  winds  only.  No 


attempt  is  made  to  model  the  pressure  distribu- 
tion Using  other  elements  of  the  reports.  For 
example,  isobars  crossing  a  front  will  be  kinked 
only  where  reports  are  sufficiently  dense  to  so 
indicate,  a  heavy  rani  report  will  not  be  con- 
sidered in  the  an:i!ysis  of  a  frontal  wave. 

2.  Analysis  flaws  are  usually  the  result  of  one 
or  all  of  the  following  problems: 

a.  Lack  of  data 

b.  hrroneous  data. 

c.  Hxtreme  atmosplierie  change, 

3.  In  regions  of  jio  reported  data,  the  final 
analysis  will  be  a  combination  of  the  first 
approximation  and  climatology.  Initially  the 
contribution  made  by  cliiiiatological  values  is 
small  but  increases  with  the  number  of  synoptic 
periods  in  whieh  no  reports  are  received  in  the 
area. 

4.  Surtace  obser\'ations  reported  in  error  may 
be  used  in  the  analysis.  No  internal  consistency 
cheeking  of  reports  is  presently  attempted.  A 
ship  reporting  ten  degrees  out  of  positioner  ten 
millibars  off  the  actual  pressure  due  to  transmis- 
sion error,  for  example,  will  not  be  corrected. 
The  data  will  either  pass  the  error  checks, 
resulting  in  an  ineorrect  analysis,  or  it  will  be 
rejected  with  the  possible  loss  of  some  signifi- 
cant information. 

5  Surface  pressure  and  ship  wind  observa- 
tions reported  in  error  will  normally  be  rejected 
..1  the  Gross  Lrror  Check  (Gl-C).  If  the  erronc^ 
ous  report  should  pass  the  GI£C  tolerances,  it 
will  contaminate  the  analysis. 

6.  If  the  bad  report,  aceepted  in  the  GEC,  is 
located  in  a  high  data  density  region  (e.g.,  over 
land),  it  will  probably  be  rejected  when  com- 
pared with  its  neighbors  in  the  lateral  fitting 
check.  It  may,  however,  have  already  had  a 
slight  adverse  influence  on  the  final  analysis. 

7.  If  the  bad  report  is  located  in  a  sparse 
region  (e.g..  over  oceans),  it  may  pass  the  lateral 
fitting  check  as  well  as  the  Gross  Error  Cheek,  In 
this  ease  the  analysis  will  depiel  with  utmost 
preeision  the  pres.sure  distribution  represented 
by  the  erroneous  data. 

Occasionally  extreme  atmospheric  change 
will  manifest  itself  as  an  error  in  the  analysis.  In 
this  case,  strong  development  results  in  valid 
data  failing  tne  gross  error  check  tolerance. 
Gro.ss  error  check  tolerances  are  predicated  on  a 
reasonable  foreuist  being  used  in  construction  of 
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the  first  approxinidlion.  If  the  forecast  is  ab- 
normaily  poor  and  off-time  and  late  reports  do 
not  correct  it  suftlciently.  this  type  of  error  may 
occur.  Although  rare,  it  represents  a  serious  tlaw 
and  should  be  guarded  against. 

Detection  of  Errors 

Errors  of  the  types  previously  discussed  can 
easily  be  discerned  at  major  network  centers. 
Data  density  upon  which  the  analysis  is  based  is 
provided  by  the  Hemispheric  Surface  Coverage 
and  Gross  Error  Check  Reject  Coverage  Charts. 
Data  lists,  including  all  ship  reports  used  in  the 
analysis  as  well  as  those  rejected  by  the  Gross 
Error  and  lateral  fitting  checks  are  available.  It  is 
expected  that  major  network  centers  will  use 
this  information  to  determine  validity  of  the 
surface  pressure  analysis  in  their  areas  of  respon- 
sibility. Corrections,  if  necessary,  will  be  ini- 
tiated or  notices  of  error  will  be  disseminated  to 
lleet  users,  by  these  centers. 

Errors  may  be  detected  by  the  operational 
forecaster  who  receives  the  analysis  directly  on 
the  high-speed  communication  links.  The  total 
number  of  reports  used,  a  simple  indicator  of 
analysis  quality,  appears  in  the  title  of  all  surface 
pressure  analysis.  The  24  hour  surface  pressure 
change  chart  or  message  can  be  used  to  deter- 
mine areas  of  abnormal  surface  development. 
Nonmeteorological  or  new  disturbances  should 
be  cross  checked  with  available  observations. 

Verification 

A  quick  method  of  verifying  the  computer 
analysis  is  to  take  the  hand  drawn  analysis 
having  the  same  time  and  lay  one  over  the  other 
on  a  light  table.  More  complex  methods  involv- 
ing the  use  of  acetate  overlays,  ozalid  machines, 
and  overhead  projectors,  are  sometimes  em- 
ployed at  larger  weather  units. 

Weather  units  may  receive  computer  products 
via  facsimile  or  teletype  message.  The  facsimile 
may  be  difficult  to  verify  using  the  light  table 
method  due  to  variations  in  transparency.  In  this 
case  it  may  be  necessary  to  verify  by  replotting 
coordinates  from  one  chart  to  the  other  to 
depict  the  significant  chart  features.  Teletype 


messages  in  code  form  are  also  transcribed  onto 
appropriate  charts  following  the  coordinate  plot- 
ting procedure. 

Isoharic  Consistency 

Once  the  validity  of  the  computer  product 
has  been  determined  the  isobaric  patterns  of  the 
various  charts  should  be  compared  for  uniform- 
ity. The  adjustments  made  between  charts  will 
involve  variables  such  as  the  forecaster's  experi- 
ence, chart  scales,  operational  objectives,  etc.  In 
any  case,  the  computer  products  should  be 
compared  prior  to  finalizing  the  hand  analysis. 
The  types  of  computer  products  available  and 
transmission  times  are  presented  in  various 
publications  and  directives  including  H.O.  118; 
Computer  Products  Manual.  NavAir  50-1G-522; 
NMS  Forecasters  Handbook  No.  1. 

ADDITIONAL  RULES  AND 
CONSIDERATIONS 

Mountainous  terrain  presents  a  distinct  and 
difficult  problem  in  surface  analysis  because  of 
the  roughness  of  terrain  and  the  uncertainty  in 
the  reduction  of  pressures  to  sea  level.  In  this 
case  some  higher  level,  either  850-  or  700-mb, 
should  be  consulted  as  a  guide  to  the  reality  of 
pressure  centers  and  to  obtain  reasonable  corre- 
spondence between  the  pressure  patterns  as 
represented  on  the  surface  map.  Along  the 
mountains  you  may  have  a  packing  of  the 
i.sobars  with  an  unrealistic  gradient  and  winds 
may  even  blow  at  right  angles  to  the  isobars. 
You  should  become  familiar  with  the  local 
peculiarities  of  mountainous  terrain  and  make 
allowances  for  them  when  analyzing  the  surface 
chart. 

Along  coastlines,  especially  the  A-tlantic  and 
Gulf  Coasts  of  the  United  States  during  winter,  a 
problem  of  isobaric  analysis  often  arises  when 
cold  air  of  polar  or  Arctic  origin  flows  over 
much  warmer  coastal  water.  Since  it  is  found  by 
observation  that  a  relatively  smooth  flow  pat- 
tern continues  aloft  (850-  or  700-mb  and 
higher),  it  follows  that  the  configuration  of  sea 
level  isobars  at  coastlines  should  be  affected 
markedly  by  the  warming  of  air  in  lower  levels, 
because  the  warming  produces  lower  pressures  at 
the  surface  over  the  water  than  otherwise  would 
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be  the  case.  This  type  of  distortion  ib  illustnited 
in  figure  6-6.  The  dashed  lines  represent  a 
smooth  extrapolation  of  the  pattern  over  the 
ocean,  and  the  solid  lines  show  the  true  pattern. 
The  magnitude  of  this  effect  varies  with  the 
temperature  difference  between  land  and  sea. 
and  presumably  with  the  lapse  rate  in  the  coiil 
air  when  over  land.  This  effect  can  be  antici- 
pated off  any  coast  during  winter. 

Highly  irregular  isobars  are  not  impossible  but 
they  are  improbable.  It  is  a  common  error  for 
beginners  to  draw  isobars  with  many  irregu- 
larities in  order  to  fit  them  precisely  to  the 


pressures  and  the  map.  Consequently,  the  iso- 
bars have  a  wavy  appearance  which  is  not 
corroborated  by  the  wind  oLservations.  Errors  in 
barometer  reading  may  be  responsible  for  the 
difficulties  in  fitting  the  isobars  to  the  wind 
system.  At  sea,  where  readings  from  aneroid 
barometers  are  not  highly  accurate,  there  is  a 
tendency  for  inexperienced  analysts  to  draw 
wavy  isobars  on  maps.  While  you  should  make 
an  attempt  to  smooth  out  the  lines  on  the  chart, 
you  should  not  try  to  smooth  out  irregularities 
which  are  judged  to  be  real  and  convey  impor- 
tant information.  At  sea,  the  effect  of  friction  is 
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minimi/al  aiul  ibv  wnul  ohsLi'vation.s  <ire  largely 
Jcpciukihle.  IVesMMCs  aic  not  as  accurate,  nc) 
more  weight  biioukl  he  given  to  wiiuis  than 
pressures. 

SUMMARY  OF  RULES  FOR 
DRAWING  ISOBARS 

Tht*  order  given  is  iioi  arbitrary  and  inav  be 
varied  to  suit  local  needs  or  procedures.  This 
summary  includes  some  of  the  suggestions  for 
drawing  isobars  on  surface  charts. 

1.  Choose  the  isiMxir  intciTal  according  to  the 
previous  instructions. 

2.  Select  isobars  which  will  outline  pressure 
vCiMers  best  and  Jrav^  these  centers  first,  using 
history  and  vMuds  to  help  locate  them. 

Sketch  lightl\  the  orientation  and  spacing 
ot  Isobars  in  tl>i'  Mciiiit^  ol  isolated  reports, 
elsev.here  thc\  ma\  be  sketched  in  a  little 
heavier. 

4.  Drau  isobais  at  largest  niterval  commensu- 
rate with  abilit\  and  experience.  Inexperienced 
analysts  will  llnd  the  <S-mb  mter\al  about  the 
limit.  Fxperienced  analysts  are  able  to  use 
!o-mb  iiitcr\als  m  then  tirst  approximation  ot 
the  i>obaric  pattern.  Intermediate  8-mb  isobars 
arc  th^Mi  added,  follovvcd  b\  4-rnb  isobars. 
J  lasures  and  ad)Ustinchls  to  the  initial  patterns 
are  usuall>  ncccsvir\  and  to  be  expected  in  the 
final  analysi.s. 

5.  Along  an  axi>  joining  twc)  Inghs  or  two 
low-^.  [wo  isobars  with  the  .same  label  nuisl 
Occur,  along  an  axis  joining  a  high  and  a  low, 
two  isobars  caiHU)t  ha\c  Ihc  same  label. 

6.  Serious  errors  in  circulation  pattern.s  can 
often  be  a\oidc\l  b\  drawing  isobars  as  il  the 
pencil  were  traveling  with  the  wind,  counter- 
clockwise around  lows  and  clockwise  around 
highs.  This  will  help  prevent  placing  a  .small 
closed  center  on  the  wrong  side  of  an  i.solated 
wind  report. 

7.  Resolve  conllicts  between  wind  and  pres- 
sure data  and  smooth  isobars  by  evaluating  the 
reliability  and  representativeness  of  the  data. 

FRONTAL  ANALYSIS 

When  a  front  is  drawn  on  the  weather  map 
the  analy.st  con.sidcis  many  factors  which  may 


not  be  appaieiit  on  the  map.  Location  of  the 
%aiious  obsci\ation  stations  and  local  effects 
play  agicMt  pan  m  ^^cighing  the  elements  which 
are  used  in  locating  Ironts.  flie  front  may  be 
weak.  i(  may  be  stnuig,  or  it  may  be  of 
modeiate  iiitensuy.  h  may  be  well  defined  in 
the  isobaric  p.itlern  and  cas\  to  locate  through 
the  surface  weather  changes  peculiar  to  that 
type-  of  fiont.  On  the  olliei  hand,  the  front  may 
be  wc\ik  oi  indistinct  and  therelore  difficult  to 
locate  from  .suitace  paiameters.  (  on.sideiation  of 
frontal  slructiiies  from  upper  air  information  is 
helpful  in  locating  all  types  of  front.s.  These 
features  of  fronts  on  upper  air  charts  ar? 
di.scussed  in  a  later  section. 

When  a  front  <ipproaclies  and  passes  a  land 
station,  the  sequence  of  events  may  be  antici- 
pated, but  <it  sea  the  movement  of  the  ship 
combines  with  the  mu\enient  of  the  front  to 
produce  changes  which  are  not  .so  easy  to 
foresee.  For  example,  on  a  ship  traveling  west- 
ward the  fiont  passes  quicklv,  for  the  front  and 
the  ship  are  moving  in  opposite  directions.  If  the 
ship  IS  moving  eastward,  in  about  the  same 
direction  as  the  front,  the  change  of  wind  and 
attendant  weather  conditions  take  place  slowly. 
In  exccptiona!  cases  a  fast  ship  may  overtake  a 
front  and  pass  through  it  from  west  to  east,  thus 
reversing  the  sequence  of  changes.  Variations  in 
the  type  of  w eat hei  encountered  with  frontal 
pas.sages  must  also  be  taken  into  account.  The 
typical  models  available  only  represent  typical 
conditions  and  other  factors  sudi  as  strength  of 
the  front  and  nature  of  the  terrain  over  which  it 
has  passed  or  is  passing,  and  .subsequent  modifi- 
cations to  the  air  ma.sses.  speed  jf  the  front,  and 
type  of  front  must  be  taken  into  consideration. 
In  this  section  of  the  chapter,  some  of  the  rules 
and  aids  in  locating  fronts  on  the  surface 
weather  map  are  di.scus.sed. 

LOCATION  OF  FRONT 
ON  A  WEATHER  MAP 

After  the  data  has  been  entered  and  its 
reliability  evaluated  on  the  map,  one  of  the 
major  tasks  of  tiie  analy.st  is  locating  the  fronts. 
Some  of  the  factors  which  enter  in  the  determi- 
nation of  fronts  on  a  weather  chart  are  as 
follows; 
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1.  FronLs  should  show  logical  continuity 
from  previous  charts.  Corrections  should  be 
taken  into  account. 

2.  Fronts  normally  lie  in  troughs  of  low 
pre.vsure.  While  a  trough  of  low  pressure  in  the 
pre.ssure  pattern  is  a  necessary  condition  for  a 
front.  It  is  not  a  sufficient  condition.  The  front 
must  mo\e  in  a  manner  consistent  with  the 
motion  of  the  colder  of  the  two  air  »vasses.  In 
other  word.s.  a  frontal  surface  is  con  ^-cd  of 
particles  of  air  which  move  with  the  winds.  If 
the  trough  line  does  not  move  with  approxi- 
mately the  component  of  the  winds  normal  to 
it.  the  trough  line  cannot  contain  a  front.  This  is 
not,  however,  .sufficient  by  itself,  for  a  trough 
line  could  move  at  the  proper  speed  and  still  not 
contain  a  front.  Other  factors  mu.st  be  con- 
sidered. 

3.  A  moving  front  will  have  a  pressure  tend- 
ency difference  acro.ss  the  front.  If  the  front  is 
stationary  or  .slow  moving,  there  will  be  little  or 
no  tendency  difference  acro.ss  the  front.  If  the 
front  has  passed  the  station  within  3  hours  of 
map  time  the  pressure  tendency  will  sliow  a 
kink. 

4.  Winds  will  shift  cyclonically  across  the 
front. 

5.  Dewpoint  differences  will  exist  across  the 
front.  Precipitation  and  water  surfaces  affect 
dewpoint  values  so,  at  times,  they  are  not 
representative  of  air  masses. 

6.  Temperature,  at  times,  is  a  good  indicator 
for  locating  a  front;  however,  the  temperature  of 
the  air  near  the  ground  is  so  dependent  upon 
insolation  and  radiation  that  it  is  often  not 
representative  of  the  air  masses.  If  two  stations 
at  nearly  the  siime  elevation  are  cloudy  and  have 
strong  wind.s,  then  a  temperature  difference  may 
not  be  .significant. 

7.  The  clouds  and  precipitation  patterns 
should  be  representative  of  the  particular  front 
in  question. 

8.  Fronts  .sliouid  move  with  the  cold  air 
winds  and  can  be  located  by  historical  sequence. 
If  the  cold  air  ".s  moving  toward  the  front  it  will 
be  a  cold  front;  if  the  cold  air  is  moving  away 
from  the  front  it  will  be  a  warm  front. 

9.  The  line  representing  a  front  sliould  be 
placed  on  the  warm  air  .side  of  the  transition 
zone  and  along  a  line  of  cyclonic  wind  shear. 


In  summary,  in  the  analysis  of  a  weather  map 
for  fronts,  the  foregoing  steps  should  be  con- 
sidered together.  Along  a  single  front  the  data 
used  to  locate  a  front  may  vary  considerably. 
For  example,  at  one  point  a  temperature  differ- 
ence may  give  the  strongest  indication,  while 
wind  may  be  locally  infiuenced  and  not  give  a 
representative  picture  of  the  frontal  location. 
Other  parts  of  the  fronts  may  be  more  easily 
identified  by  pressure  tendency  or  wind.  No  one 
item  should  be  u.sed  as  a  complete  guide  to 
analysis. 

ISOBARS  IN  RELATION  TO 
THE  LOCATION  OF  FRONTS 

The  i.sobaric  pattern  refiecting  the  traditional 
kink  of  isobars  at  fronts  is  often  one  of  the  best 
indicators  of  the  existence  of  a  front  on  the 
weather  chart.  The  amount  of  kink  is  governed 
by  the  strength  of  the  front,  its  movement,  and 
the  particular  stage  of  development. 

With  due  consideration  to  past  history  and 
the  other  factors  mentioned  above,  a  good 
method,  especially  at  se;.  is  that  of  drawing 
down  the  wind  along  observations  where  a  front 
is  suspected  to  exist.  For  example,  in  figure  6-7, 
suppose  you  start  to  draw  the  isobar  for  the 
08.0  (1.008  millibars).  Drawing  down  the  wind 
in  proper  relation  to  the  barometer  reading.s, 
with  the  wind  at  small  angles  (aboard  ship) 
across  the  isobars  toward  low  pressure,  you 
come  to  observation  point  B.  Here  you  will  note 
that  the  next  observation  ahead  shows  a  change 
in  the  wind,  and  it  is  now  necessary  to  draw  the 
isobar  toward  C.  It  is  evident  that  there  is  a 
discontinuity,  or  front,  along  the  dashed  line 
from  D  to  E.  If  you  draw  ail  the  isobars 
carefully,  studying  the  winds  as  you  go;  the 
isobars  would  look  like  those  in  figure  6-8. 

This  .shows  you  that  there  are  irregularities  or 
di.scontinuities  which  are  not  a  result  of  error  in 
observations,  for  they  are  .systemically  arranged. 
The  best  fit  of  the  isobars  is  obtained  by  making 
an  angle  in  the  isobar  with  the  vertex  at  the 
front,  or  wind  shift  line. 

Figure  6-8  shows  the  location  of  fronts  in  a 
cyclonic  system  approaching  the  we.st  coast.  The 
fronts  in  this  situation  are  clearly  identified  by 
the  reports.  Fronts  should  be  marked  on  the 
map  when  they  can  be  clearly  identified. 
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Figure  6-"'  -Isobaric  discontinuity  at  a  front.  At  left,  drawing  down  the  wind  from  A,  a  discontinuity 
found  along  line  DE.  At  right,  the  Isobars  show  a  systematic  arrangement 
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CONSIDERATION  OF  ELEMENTS 

Assume  that  a  cold  front  is  to  be  located. 
Local  analysis  may  reveal  that  the  pressure 
trough,  the  wind  shift,  the  line  of  showers,  and 
discontinuities  in  temperature,  moisture,  and 
tendency  coincide  at  most  in  pairs.  What  line 
should  be  chosen  to  represent  the  front?  The 
following  procedure  is  recommended: 

1.  Eliminate  erroneous  and  unrepresentative 
data  in  accordance  with  previous  instructions  in 
this  chapter. 

2.  Locate  the  front  at  selected  points  where 
the  maximum  number  of  identifying  character- 
istics occur  simultaneously. 

3.  In  the  absence  of  known  orographic 
obstructio ns,  interpolate  or  extrapolate  the 
front  in  doubtful  or  confused  areas. 

4.  Check  the  3-dimensionaI  geometrical  and 
meteorological  consistency  of  the  frontal  surface 
at  other  levels. 


5.  Check  the  displacement  of  the  frontal 
surface  from  its  last  known  position  for  con- 
sistency with  movement  of  the  colder  air  mass 
during  the  interval. 

Step  5  is  by  far  the  most  important  and 
should  be  applied  twice,  once  in  the  beginning 
to  determine  approximately  where  the  cold 
front  begins  and  again  at  the  end  for  a  final 
check. 

It  is  convenient  to  delineate  only  the  leading 
edge  of  a  cold  frontal  zone  and  the  trailing  edge 
of  a  warm  frontal  zone  with  their  respective 
frontal  symbols.  This  puts  all  the  strong  gradient 
of  temperature  in  the  cold  air  mass. 

INTERPRETATION  OF  S  ATElr 
LITE  CLOUD  PHOTOGRAPHS 

Satellite  cloud  photographs  have  proven  to  be 
a  most  valuable  aid  in  the  location  of  fronts  on 
the  weather  map.  It  is  important  for  the  analyst 


erJc 


192 

198 


Chapter  6  SURFACIi  Wl^ATllliR  MAP  ANALYSIS 


AG.503 


Figure  6-8.— Surface  weather  map  showing  location  of  pressure  centers  and  fronts  from  isobars. 


to  keep  in  mind,  however,  that  the  satellite  is 
presenting  a  view  from  the  top  down.  This 
means  that  features  which  appear  only  m  the 
lower  layers  of  the  atmosphere  might  be  hidden 
by  extensive  cloud  coverage  aloft.  While  satellite 
pictures  are  undoubtedly  a  tremendous  step 
forward  for  the  analyst,  some  analysts  fall  into 
the  trap  of  blindly  accepting  them  as  infallible. 
The  satellite  photograph  must  be  viewed  in 
proper  context,  with  as  many  other  pertinent 
factors  as  available  being  added  to  the  final 
analysis.  It  cannot  be  overemphasised  that  the 
analyst  must  use  all  of  the  tools  at  his  disposal  if 
he  is  to  acquire  consistent  accuracy  in  his 
analysis. 

Identifying  Cloud  Systems 

An  example  of  the  appearance  of  frontal 
cloud  structure  in  satellite  cloud  pictures  :is 


compared  with  surface  analyses  is  shown  in 
figures  6-9  and  6-10. 

These  two  figures  illustrate  a  sequence  of 
events  over  a  24  hour  period.  Notice  the 
similarity  in  the  configuration  of  the  clouds  and 
fronts  depicted  in  the  analyses  and  photographs. 
The  center  of  circulation  is  outlined  in  the 
photographs  by  the  entrance  of  the  cold  dry  air 
in  the  upper  levels  during  the  occlusion  process. 
Notice  the  breaking  down  of  the  organization  in 
the  cloud  structure  as  the  occlusion  or  dissipat- 
ing process  progresses  during  the  time  period 
repiesented  by  the  two  figures.  The  utility  of 
these  photographs  in  identifying  the  jloud  bands 
along  the  periphery  of  the  storm  area  is  quite 
evident.  This  is  especially  true  in  sparse  data 
areas. 

The  analyst  must  bear  in  mind  the  normal 
slope  of  fronts  and  pressure  systems  aloft  when 
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making  compansons  Ih'Ivvooii  suilacc  analysis 
and  the  satellite  pictures.  Mure  Jiscussion  re- 
lated to  this  siihjecl  is  presented  m  Hie  chaptei 
following  this  one  pertaining  to  upper  air  anal- 
ysis as  well  as  in  chapters  X  through  12  of  this 
manual  pertaining  to  prognosis.  Disaission  of 
the  location  of  surface  frontal  positions  on  the 
satellite  photograph  may  seem  somewhat  pre- 
mature at  this  point  in  the  manual  due  to  the 
considerations  which  must  he  given  to  upper  air 
systems.  However,  their  usefuhiess  in  estimating 
frontal  positions  must  be  considered  from  the 
outset  of  the  analysis. 

More  detailed  information  pertaining  lo  the 
utilization  of  s;itellite  photographs  in  analysis 
and  forecasting  may  he  found  in  the  Direct 
Transmission  System  Users  Cluid^'  published  hy 
the  National  Oceanic  and  Atmospheric  Adminis- 
tration (NOAA):  the  (uiide  For  Ohseiyin^  the 
Environment  With  Satellite  Inlrared  Imagery 
NWRF  F-0^)7().|58;  chapter  H  ol  (he  NMS 
Forecasters  Handbook  No.  I.  Facsimile  Prod- 
ucts: and  other  NWRI-  booklets  as  listed  in  Navy 
Weather  Research  Facility  Reports  and  Publica- 
tions, N\VRF00-036^)-143. 

Direct  Readout  Infrared 
(DRIR)  Interpretation 

The  foregoing  di.scussion  has  been  with  reler- 
ence  to  the  commonly  received  uanicra  sensed 
satellite  photographs.  Ilowevcu  liic  mfrared 
radiometer  is  now  frequently  used  as  a  satellite 
sensor  and  the  analyst  or  forecaster  must  en- 
deavor to  properly  interpret  (he  information 
received. 

An  infrared  sensor  differs  from  a  visual 
(camera  type)  sensor  in  that  the  instrument 
measures  radiated  heat  rather  than  reflected 
light.  Infrared  .sensors  therefore  measure  the 
temperature  of  cloud  tops  (or  the  earth's  sur- 
face) rather  than  their  albedo.  I  he  infrared 
display  is  arranged  so  that  warm  luidies  (eartlK 
low  clouds)  appear  dark,  while  cold  bodies  (high 
clouds)  appear  bright.  Thus,  infrared  displays  of 
clouds  have  an  appearance  that  is  similar  to 
visual  pictures  of  clouds,  but  have  an  entirely 
different  meaning. 

SET  AD.IUSrMFNfS  FOR  DRIR.  Current 
satellite  radiometers  display  a  7-step  calibration 
wedge  along  with  the  DRIR  picture.  A  calibra- 


tion table  is  provided  f^r  each  radiometer, 
allowing  the  analyst  to  assign  a  temperature 
value  to  each  shade  of  gray  in  the  step  wedge. 
This  allows  the  analyst  to  interpret  the  infrared 
display  in  terms  of  temperature.  A  forecaster 
.should  consider  operational  goals  and  local 
conditions  to  enhance  the  information  that  can 
be  obtained  from  a  DRIR  display. 

The  typical  radiometer  has  a  temperature 
range  extending  from  a{  proximately  I80''K 
(  ^^3"C)  to  320"K  (f47"C).  In  general,  the 
coldest  expected  clond  temperatures  are  reached 
al^  Hie  tronopau.se  (approximately  2.20''K 
{~S3''C)  in  mid  latitudes).  The  warmest  tempera- 
ture of  interest  will  |)e  about  293''K  (20^C). 
Therefore,  for  meteorological  purposes,  the  en- 
tire range  of  the  sen.sor  is  not  required.  APT  sets 
should  be  adjusted  so  that  all  step  wedges  for 
temperatures  colder  than  the  tropopaus-e  tem- 
perature (22()''K)  appear  white.  Similarly,  all 
step  wedges  warmer  than  a  nominal  surface  air 
temperature  (293^K)  should  be  adjusted  to 
appear  black.  With  this  adjustment,  cloud  fea- 
tures will  appear  in  finer  detail. 

In  a  .similar  fashion,  the  DRIR-scan  .step 
wedges  can  be  adjusted  to  highlight  other 
features  of  interest,  based  on  their  temperature 
characteristics,  as  shown  in  figure  6-11. 

DISTINCTIVF  DRIR  FEATURES. -In  terms 
of  the  earth  and  its  atmosphere,  on  a  nominally 
adjusted  readout  set  the  various  features  should 
appear  as  follows: 

1.  Hot  deserts  should  appear  black. 

2.  Lakes  and  oceans  ,should  appear  near 
black. 

3.  Clouds  with  low  tops  (Cu,  Sc,  St)  should 
appear  dark  gray. 

4.  Clouds  with  medium  tops  (A.s,  Sc)  ,sliouId 
appear  light  gray. 

5.  Clouds  with  high  tops  (Gx  Ci,  Cu)  should 
appear  wdiite. 

6.  Snow  and  ice  should  appear  light  gray. 

Because  of  the  nature  of  infrared  sensing, 
however,  an  operator  who  understands  infrared 
display  can  adjust  his  readout  equipment  to 
enhance  features  of  interest. 

Figure  6-12  illustrates  two  typical  infrared 
passes  from  Nimbus  IV  over  the  Western  United 
States  and  Mexico. 
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Figure  S-n.-ldealized  display  of  DRIR  step  wedges 
with  readout  calibrated  for  specific  interpretation 
tasks.  Numbers  below  gray  shades  are  equivalent 
scene  temperatures  in  degrees  Celsius. 


iMgurc  6-i2(A)  is  a  daytime  view,  while  figure 
(vi:(B)  is  Uie  nighUiiiie  view  of  the  same  area. 
Nolo  the  desert  area  of  Baja  California.  In  the 
afternoon  (figure  6-1 2(A)),  the  desert  is  hot  and 
looks  much  darker  than  the  surrounding  water. 
In  the  early  morning  (tlgure  6-1 2(B)),  the  land 
has  cooled  so  much  that  it  is  now  slightly  colder, 
and  therefore  lighter  than  the  water 

1-RONTAL  WAVHS  AND  DEVELOPING 
CYCLONbS.  A  surface  wave,  which  is  indi- 
cated in  the  visual  mode  by  a  broadening  of  the 
Irontal  band,  nas  a  similar  appearance  in  the  IR 
mode,  but  with  important  differences.  Cold 
temperature  radiation  from  the  cores  of  large 
convective  clouds  appears  as  globs  of  intense 
white.  While  the  wave  cloudiness  usually  has  a 
unitorm  white  appearance  in  video  pictures,  the 
IR  presentation  exhibits  several  shades  of  grayv 
indicating  clouds  of  varying  height  and  thick- 
ness. 

I-rontal  zones  contain  stable  cloud  forms  with 
low  cloud  tops,  as  shown  in  figure  (>- 13(A),  or 
unstable  cloud  forms  with  high  cloud  tops,  as 
shown  in  figure  6- 13(B). 

Since  the  stability  of  the  air  masses  in  a 
frontal  zone  may  be  inferred  from  the  height  of 
the  clouds,  it  lollows  that  stability  may  be 
inferred  from  gray  shades  in  the  IR  display. 

Figure  6-14  illustrates  the  differences  between 
the  stable  and  active  frontal  zones  as  normally 
seen  in  a  DRIR  display. 

Stable  frontal  bands  (fig.  (>-14(A))  appear 
gray  (warm)  with  isolated  cloud  buildups 
(white)  along  the  band.  Active  frontal  bands 
dig.  6-14(B))  appear  offwhite,  with  Hnes  of 
convective  activity  (white)  within  the  band. 

The  inability  to  assess  stability  from  visual 
cloud  pictures  can  result  in  falsely  identifying 
cloud  bands  as  fiontal  bands,  while  in  fact  they 
may  only  associated  with  low-level  eddies.  A 
classic  example  of  this  is  seen  in  the  low-level 
vortex  shown  in  figure  (>-15. 

In  this  IR  sca.i  two  approximately  circular 
gray  patterns  appear  near  A  and  B  and  a 
connna-shaped  pattern  at  C.  Vortex  centers  are 
barely  visible  at  A  and  B,  These  two  circular 
gray  areas  represent  cloud  vortices  made  up  of 
spiralini^  cumulifomi  cloud  lines,  ^'hese  do  not 
represent  frontal  characteristics  and  are  shown 
as  lows  on  the  surface  analysis.  With  intensifica- 
tion these  systems  could  become  frontal.  Notice 
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Fiqun.  B  12    DHIR  picture.  (A)  Nimbus  IV  daytime  infrared  view  of  Baja,  California; 
(B)  Nmibus  IV  nighttime  infrared  view  of  Baja.  California. 
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that  this  Is  J  iri'hnmio  kmUoui,  Due  lo  Ihc 
liicpj.isoil  Icftipcf.ihiio  uwilrasi  in  lUc  lower 
levok  nighlhjn  •  f<\ul(Hii  JouMos  ihc  Dpporlu- 
nily  (or  e.irl>  disv-nuv  ol  n^w  ilisiurhiinces,  and 
provides  eoniiiuiiK  on  existn»^  ones. 

A  frontal  wiwe  whith  appeals  gray  m  ihe 
infrared  can  be  c\pcoleil  lo  he  sialdo  and 
unlikely  lo  de%elt»p  uhorcas  an  area  of  extensive 
while  cloudiness  icoUl  lemperalures)  indieales 
Ihal  Ihe  wave  is  unsi.d^le  ami  is  in  the  proeess  of 
developincnl  .othhih  rjs  jie  furlhei  illiis- 

Iraled  in  (i«»ure 


IR  mode  which 


Some  charaelenslics  ol  ih 
favor  wave  dcvelopnKiit  are: 

I  I  videncc  »l  a  sit;niiKanl  increase  in  the 
area  of  cold  leinporaliires  ( hi^rh  clouds). 

2.  lividence  ol  a  jel  slieani  near  Ihc  poleward 
boundary  of  a  Inilge  on  ihe  fronlal  band. 

3.  Posiiive  Vorlieily  Advcclion  (PVA  MAX) 
or  sirong  voriicily  cenler.  such  as  Ihosc  dc^ 
scribed  in  ehapler  7  of  ihis  manual,  upstream 
from  Ihe  frontal  wave.  I  his  would  indicate  the 
presence  of  a  shori-wavc  ^()()-nd^  trough  up- 
stream from  I  lie  developing  cyclone. 
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Figure  6-13.-DRIR  cloud  depiction.  (A)  Stable  cloud  form;  (B)  unstable  cloud  form. 
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Figure  6-14-DRIR  frontal  depiction.  (A)  Inactive  frontal  zone;  (B)  active  frontal  zone. 


When  an  unstable  wave  (cloud  bulge)  is 
developing  into  a  vortex,  (figure  6-17)  the  first 
evidence  is  tiie  beginning  of  a  dry  tongue  on  the 
trailing  edge  of  the  cloud  band.  The  cells  (open) 
normally  seen  in  the  dry  tongue  over  the  ocean 
during  the  Northern  Hemisphere  summer  appear 
mottled  gray  in  the  IR  mode.  Cold  air  (lowing 
over  warm  water  creates  low-level  instability  and 
convective  overturning.  The  greater  the  air/sea 
temperature  diffeience,  the  greater  the  degree  of 
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overturning.  In  areas  of  cold  air  advection  (dry 
tongue),  low  cumulus  cloud  tops  (gray)  indicate 
stable  conditions  and  a  small  air/sea  temperature 
difference.  High  cumulus  cloud  tops  (white) 
suggest  a  lar^e  air/sea  temperature  difference 
and  strong  cold  air  advection.  Due  to  the  higher 
cloud  tops  of  the  cumulus  congestus,  cells 
(open)  have  a  similar  appearance  in  the  IR  and 
visual  modes.  If  the  field  of  cells  (open)  is  bright 
in  the  IR  mode,  this  indicates  intense  cold  air 


199 


205 


Chapter  6-  SURFACIi  WUATIUIR  MAP  ANALYSIS 


ISOLATED  AREA  OF  ^ 
CLOUD  BUILDUP  (WHITE) 


LARGE  AREA  OP 
ACTIVE  WEATHER 
(WHITE) 


(a: 


AG.511 


Figure  6.16.-DRIR  frontal  depiction.  (A)  Stable  frontal  wave;  (B)  unstable  frontal  v/ave. 
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Figure  6.17.-DRIR  frontal  depiction.  (A)  Developing  frontal  wave;  (B)  occluding  cyclone. 


injection  into  the  cyclone,  and  increased  likeli- 
hood of  deepening. 

Additional -information  pertaining  to  the  uses 
of  DRIR  readouts  in  forecasting  will  be  pre- 
sented in  chapter  9  of  this  training  manual. 


COMMON  ERRORS  IN 
FRONTAL  ANALYSIS 

Some  of  the  more  common  errors  in  frontal 
analysis  are  listed  below: 
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1.  Inconsistent  displacements  from  previous 
positions. 

2.  Cold  fronts  improperly  designated  as  warm 
fronts  and  vice  versa. 

3.  Too  many  fronts,  particularly  secondary 
fronts. 

4.  Isobars  too  sharply  kinked  at  fronts  or 
kinked  improperly  toward  low  pressure. 

5.  Frontal  patterns  in  the  horizontal  which 
have  an  impossible  3-diniensionaI  structure. 

6.  Use  of  unrepresentative  data  (particularly 
temperature)  in  locating  fronts. 

7.  Dropping  of  fronts  in  areas  of  sparse  or  no 
reports  without  designating  frontolysis  on  pre- 
ceding chart  or  charts. 

STATIONARY  AND 
NONFRONTAL TROUGHS 

Stationary  troughs  can  contain  fronts  only 
momentarily.  The  most  common  such  trough  in 
North  America  occurs  on  the  iee  (east)  side  of 
the  Continental  Divide.  Unless  the  air  mass 
following  the  front  is  dense  enough  to  fill  the 
trough,  a  front  moving  eastward  across  the 
Rocky  Mountains  may  occupy  this  trough  at  a 
particular  map  time,  but  will  move  on  through 
while  the  trough  remains  fixed.  Needless  to  say, 
warm  fronts  moving  through  such  a  trough  will 
not  affect  its  stationary  character.  These  troughs 
occur  on  the  lee  side  of  any  mountain  range 
orientated  across  a  deep  current  of  air.  Another 
kind  of  stationary  t.»-ough  occurs  in  southwestern 
United  States,  and   is  most  pronounced  in 
summer,  the  season  of  the  ''Heat  Low."  when  it 
sometimes  extends  the  full  length  of  the  west 
coast. 

The  most  common  nonfrontal  troughs  in 
middle  latitude  ocean  areas  occur  in  the  wake  of 
well  developed  occluded  cyclones.  (They  also 
occur  over  land  areas.)  This  trough  is  often 
incorrectly  analyzed  as  a  secondary  cold  front 
because  it  has  a  well  defined  line  of  showers, 
cumuliform  clouds,  wind  changes,  and  pressure 
tendencies  across  the  trough  line  similar  to  those 
of  the  cold  front.  Nevertheless,  it  moves  at 
speeds  very  much  less  than  that  of  the  often 
very  strong  winds  which  accompany  any  deep 
cyclone.  If  this  phenomenon  occurs  in  an  area 
with  a  sufficiently  dense  network  of  reports,  an 
analysis  of  the  wind  field  shows  that  there  is  a 


definite  line  of  longitudinal  convergence  in  the 
trough,  the  result  of  a  "surge"  in  the  north- 
westerly or  westerly  winds  of  the  polar  or  arctic 
air  mass  moving  in  behind  the  occluded  cyclone. 

SATELLITE  DEPICTION  OF 
SURFACE  RIDGE  LINE 

Among  the  nonfrontal  meteorological  fea- 
tures which  may  be  confirmed  by  the  satellite 
photograph  is  the  surface  ridge  line.  Although 
they  may  not  be  as  well  defined  as  frontal 
systems,  ridge  lines  may  be  identified  with 
increasing  accuracy  commensurate  with  the  ex- 
perience of  the  analyst. 

Three  characteristic  cloud  patterns  found 
with  surface  ridge  lines  on  satellite  photographs 
are  illustrated  in  figure  6-18. 

The  cloud  pattern  of  type  A  in  figure  6-18  is 
characterized  by  long  cloud  lines  or  fingers 
which  extend,  in  a  continuous  fashion,  from  a 
frontal  band.  These  fingers  generally  are 
oriented  in  a  more  north-south  direction  than 
the  frontal  band.  The  end  of  these  continuous 
cloud  fingers  serve  as  indicators  or  points  for 
positioning  the  surface  ridge  line  on  the  south- 
western side  of  a  subtropical  anticyclone. 

The  type  B  (fig.  6-18)  surface  ridge  line 
generally  is  found  on  the  western  side  of  a 
subtropical  high  where  the  clouds  change  in 
character  from  cumuliform  to  stratiform.  Notice 
in  figure  6-1 8  that  the  points  drawn  for  the  ridge 
line  are  drawn  so  that  they  lie  along  the  line 
where  the  cloud  type  changes  from  cumuliform 
to  stratiform.  This  change  in  cloud  character  is 
generally  found  where  the  low  level  wind 
changes  from  a  southeasteriy  to  a  southwesterly 
direction.  As  the  air  moves  poleward  more 
rapidly,  stability  increases  near  the  surface  and 
produces  the  observed  change  in  cloud  form. 

The  type  C  pattern  (figure  6-18)  is  associated 
with  a  sharp  migrating  surface  ridge  that  lies 
between  two  large  cyclones  in  close  proximity 
to  each  other.  Along  this  ridge,  there  is  a  wind 
shift  from  a  general  southwesteriy  direction  to 
the  northwest.  While  an  air  parcel  is  in  the 
southeriy  fiow,  it  usually  is  being  cooled  from 
below  and  thus  becomes  more  stable  with  time. 
Air  that  is  in  the  northeriy  fiow  normally  is 
heated  from  below  and  becomes  unstable.  This 
difference  in  stability  produces  two  di.stinctly 
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tlifTerent  cloud  pjittoriis  iliat  can  be  recognized 
in  satellite  pictures,  riie  clouds  in  the  southerly 
flow  are  primarily  stratiform,  while  those  in  the 
northerly  tlow  are  cunuiliform.  Hence,  the 
surface  ridge  is  located  in  the  narrow  region 
between  the  stratiform  and  cunuiliform  clouds. 

SUMMARY  OF  SURFACE  FRONTAL 
ANALYSIS  PROCEDURES 

Probable  Location  of  the 
Front  (Extended  Analysis) 

If  one  previous  location  of  the  front  is 
known,  the  current  position  is  downwind,  (refer- 
ring to  the  wind  in  the  cold  air)  at  a  distance 
depending  roughly  on  the  speed  of  the  wind  in 
the  cold  air. 

Generally,  cold  fronts  are  found  to  the  east 
and/or  southeast  of  previous  positions,  warm 
fronts  to  the  north  and/or  east  of  previous 
positions,  and  quasi-stationary  fronts  in  about 
the  same  position  as  before. 

When  the  isobars  on  the  previous  map  are 
parallel  to  the  front  veiy  little,  if  any,  movement 
is  expected. 

When  two  successive  previous  positions  are 
known,  an  approximate  past  rate  of  frontal 
motion  is  established.  In  this  case  the  quickest 
method  of  locating  the  probable  current  posi- 
tion is  to  lay  off  the  previous  displacement, 
using  the  pencil  and  finger  technique.  The 
precise  location  is  then  obtained  by  minor 
adjustments  based  on  the  criteria  below. 

Do  r\ot  make  major  adjustments  in  location 
from  what  would  be  expected  by  previous 
displacements  unless  the  wind  and/or  pressure 
gradient  in  (he  cold  air  has  changed  a  propor- 
tional amount. 

Criteria  for  More  Precise  Location 
of  the  Front  (Local  Analysis) 

Probably  the  most  important  criterion  of  a 
front  in  flat  terrain  (oceans  included)  is  the 
cyclonic  wind  shift.  Do  not  be  misled  by 
nonrepresentative  winds  such  as  along  the  coast, 
large  lakes,  in  valleys,  etc.,  and  directions  of 
light  winds  (under  10  knots)  on  morning  maps. 

For  a  moving  front,  3-hour  pressure  tendency 
differences  over  land  are  very  helpful,  especially 


in  mountain  areas.  From  a  moving  ship,  they  are 
of  no  value  unless  a  dependable  correction  for 
the  movement  of  the  ship  is  made. 

Pressure  tendency  characteristics  may  be  of 
little  help,  particularly  in  summer.  Character- 
istics of  the  barograph  trace  (3-hour)  may  be 
helpful  when  the  magnitudes  of  the  changes  are 
large  by  comparison  with  diurnal  effects,  dy- 
namic effects  of  convective  activity,  etc.  The  test 
of  usefulness  is  if  the  particular  characteristic  is 
organized  along  a  line. 

Actual  values  of  temperature  and  dewpoint 
are  likely  to  be  unrepresentative  near  a  front. 
Temperature  or  dewpoint  gradients  are  more 
reliable  with  weak  gradients  (homogeneity)  in 
the  warm  air  mass  and  strong  gradients  on  the 
cold  air  side  ol  the  front.  Due  to  horizontal 
mixing,  heating  or  cooHng  from  below,  and 
evaporation  from  below  near  the  shallow  edge  of 
the  cokl  air  mass,  temperatures  and  dewpoints 
on  the  edge  close  to  the  cold  air  side  of  the  front 
may  closely  approach  those  of  the  warm  side.  In 
these  circumstances  the  station's  wind  direction, 
if  representative,  is  usually  the  determining 
fiictor.  Surface  temperatures  are  generally  of 
Httle  value  in  frontal  analysis  on  morning  maps, 
and  are  most  representative  on  afternoon  or 
evening  maps. 

AIR  MASS  ANALYSIS 

While  an  Aerographer's  Mate  familiar  with  a 
given  weather  situation  may  have  little  need  for 
air  mass  classification,  the  distinction  between 
air  masses  of  different  types  is  nevertheless 
important  to  weather  analyses  and  is  a  means  of 
conveying  a  more  complete  picture  to  a  user  of 
the  weather  map,  such  as  a  pilot. 

If  masses  of  air  of  different  characteristics  are 
isolated  from  one  another,  the  transition  zones 
between  them  can  be  determined  as  the  first 
step  in  frontal  analysis.  The  reverse  procedure 
may  be  used  to  advantage  in  examination  of 
vertical  temperature  soundings,  in  which  case 
the  air  masses  over  a  station  may  be  isolated 
from  one  another  by  locating  the  transition 
zones  or  frontal  discontinuities  on  the  sound- 
ings. 

On  the  basis  of  liydrometeors,  such  as  fog  or 
drizzle  and  cloud  types,  a  stable  air  mass  can 
often  be  differentiated  from  an  unstable  air  mass 
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across  a  narrow  zone.  In  considering  the  charac- 
teristics of  air  masses  according  to  accepted 
classification,  many  modifications  have  to  be 
taken  into  account,  particularly  in  the  warm  air 
mass  where,  for  example,  stratus  may  form  with 
rapid  movement  over  a  cold  surface  while  fog 
will  tend  to  form  if  the  flow  is  sluggish.  In  warm 
seasons,  the  warm  air  mass  can  change  from 
foggy  at  night  to  unstable  in  the  daytime.  At  sea 
the  diurnal  influence  is  slight,  with  a  tendency 
for  greater  stability  in  the  daytime  in  lower 
layers. 

Characteristics  of  the  same  general  type  of  air 
mass  vary  to  some  extent  with  their  source 
region,  Arctic  air,  for  example  varying  some- 
what, depending  on  whether  it  has  developed  in 
Siberia,  over  the  polar  cap,  or  in  Canada. 

No  detlnite  values  of  surface  temperature  or 
dewpoint  can  be  stated  for  continental  polar  air 
masses,  since  these  depend  upon  source  region, 
length  of  time  over  the  source,  depth,  trajectory, 
heating  and  cx)oIing  from  below,  and  the  like. 
Often  there  are  marked  horizontal  gradients  of 
temperature  within  the  air  mass.  The  amount  by 
which  a  cold  air  mass  is  warmed,  both  surface 
aloft  when  passing  over  a  warmer  surface,  is 
greater  when  there  is  subsidence  aloft. 

Arctic  air  at  midlatitudes  generally  has  a 
surface  temperature  of  about  0°F  or  below.  The 
only  air  mass  which  in  midlatitudes  has  approxi- 
mate homogeneity  at  the  surface  and  lo  some 
extent  aloft  is  maritmie  tropical  air.  In  summer, 
mT  air  over  the  contiguous  United  States  has  a 
representative  (maximum)  surface  temperature 
of  near  90^ F  and  a  dewpoint  of  around  70° F. 
Corresponding  values  in  winter  are  roughly  75°F 
and  60°  R 

PRECIPITATION  ANALYSIS 

Ordinarily,  precipitation  analysis  on  surface 
charts  is  not  completed  before  transmission  of 
the  coded  maps  (at  weather  offices  that  transmit 
canned  maps),  because  of  insufficient  time.  It  is, 
however,  carried  out  later  and  serves  as  an  aid  to 
the  subsequent  analysis  for  which  precipitation 
reports  may  then  be  more  quickly  interpreted. 

Steady  precipitation  is  shaded  in  green. 
Shower  areas  are  marked  with  shower  symbols; 
thunderstorm  area,  with  thunderstonn  symbols; 
and  drizzle  area,  with  drizzle  symbols,  in  accord- 
id 
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ance  with  standard  practices.  The  edges  of  an 
altostratus  shield  and  fog  areas  may  be  outlined. 

Warm- front  rain,  or  a  corresponding  steady 
rain  area  in  advance  of  an  occluded  front,  is 
usually  assumed  in  the  absence  of  data  to  extend 
over  a  band  of  approximately  300  to  350  miles 
ahead  of  the  front.  This  typical  model  may  of 
course  be  modified  by  geographical  factors  or 
complicated  frontal  structure.  A  known  bound- 
ary of  solid  altostratus  will  often  indicate  that 
the  edge  of  the  precipitation  area  is  near.  Also, 
the  presence  of  ''mid  T  clouds  frequently 
shows  that  a  rain  area  is  approaching.  The 
existence  of  this  cloud  type,  or  of  an  altostratus 
layer,  may  be  the  first  indication  of  a  front 
approaching  a  coastline. 

Pressure  falls  in  an  area  of  precipitation  may 
indicate  that  the  precipitation  is  a  warnvfront 
type,  the  fall  of  pressure  tending  to  be  greatest 
where  the  rainfall  is  heaviest. 

If  the  band  of  precipitation  is  appreciably 
wider  than  300  to  350  miles,  a  double  front 
structure  may  exist,  or  there  may  be  a  smaller 
than  nonnal  slope  to  the  warm-front  surface^ 
Sometimes  there  is  an  increase  of  slope  well  in 
advance  of  the  surface  position,  in  which  case 
the  position  of  the  line  along  which  the  front 
begins  to  increase  in  slope  may,  if  considered 
significant,  be  shown  as  a  warm  front  aloft. 
Where  relatively  dry  air  ascends  over  a  warm 
front,  precipitation  is  often  lacking,  or  may 
occur  only  some  distance  ahead  of  the  surface 
position  of  the  front. 

Shower  symbols  are  used  to  give  form  to  the 
region  where  present  weather,  weather  in  the 
last  hour,  past  weather,  precipitation  amounts, 
or  the  presence  of  cumulonimbus  suggests  show- 
ery conditions,  or  where,  in  the  absence  of  data, 
shower  conditions  are  expected  on  the  basis  of 
continuity  or  model. 

In  cold  air  masses,  showers  will  be  prevalent 
where  there  is  rapid  warming  over  water  surfaces 
as  over  the  Great  Lakes  in  winter;  over  moun- 
tainous country,  such  as  the  western  slope  of  tiie 
Appalachians,  and  in  general  where  the  isobars 
are  curved  cyclonically  and  the  cold  air  contains 
sufficient  moisture. 

Drizzle  is  looked  for  principally  where  warm, 
moist  air  moves  rapidly  over  a  cooler  surface, 
especially  in  the  warm  sector  of  a  cyclone.  It 
may    occur    in    cold   air,   especially  under 
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anlicyclonic  or  stagnant  conditions  if  there  is 
siinicienl  moisture  and  instability  in  the  lower 
levels  and  a  stable  layer  or  inversion  above  the 
low  clouds. 

The  principal  cloud  or  precipitation  systems 
looked  for  in  a  typical  extratropical  cyclone  are; 

1.  Warm-front  rain  areas,  and  the  prewarni- 
fronl  cirrus  and  altostratus  preceding  them. 

2.  Warm  sector  drizzle,  low  clouds,  or  fog. 

3.  Warm  sector  showers:  in  many  cyclones 
most  showers  occur  in  the  warm  sector  rather 
than  along  the  cold  front. 

4.  Cold-front  (squall  line)  cumulonimbus  and 
showers. 

5.  Post -co Id -front  cumulus  and  showers 
(usually  only  where  flow  is  cyclonic  or  showers 
are  favored  by  topographic  features). 

All  systems  are  subject  to  modifications  by 
geographical  features,  moisture  content  of  the 
air,  and  other  characteristics  pertaining  to  the 
given  cyclone. 

ISALLOBARIC  ANALYSIS 

The  isallobaric  field  can  be  useful  in  early 
detection  of  frontogenesis,  and  also  in  determin- 
ing the  direction  of  movement  of  a  front  where 
weak  wave  activity  is  taking  place,  where  the 
actual  wind  at  gradient  level  is  different  from 
that  indicated  by  the  isobars,  or  where  question- 
able reduction  factors  make  sea  level  isobars 
unrepresentative.  In  addition,  the  instantaneous 
inovenieiit  of  high  and  low  centers  is  apparent 
when  isallobars  are  drawn.  The  isallobaric  field  is 
frequently  of  value  in  indicating  various  types  of 
developments,  such  as  the  formation  of  squalls 
or  genesis  of  the  instability  line  in  the  warm 
sector  of  a  cyclone  and,  more  important, 
changes  in  the  structure  or  movement  of  pres- 
sure  s>  >tems.  Three  hourly  tendencies  are  more 
significant  if  the  diurnal  correction  is  applied. 

FORMATION  AND  DISSI- 
PATION OF  FRONT  S 

The  map  should  be  scanned  for  indications  of 
frontogenesis  and  frontolysis  in  accordance  with 
the  information  contained  in  chapter  5  of  this 
training  manual.  Keep  in  mind  that  certain 


geographical  ureas  during  specified  periods  ol 
the  year  are  favorable  for  the  formation  or 
dissipation  of  fronts.  Also,  certain  portions  of 
the  frontal  system  itself  are  favorable  for  fronto 
genesis,  such  as  the  trailing  edges  of  long  cold 
fronts  whose  orientation  has  become  east-west 
and  the  isobars  either  anticyclonically  curved  or 
parallel  to  the  front. 

Indicate  the  areas  with  the  appropriate 
syii.bols:  "FG"  for  frontogenesis  and  "FL"  for 
frontolysis. 


APPLICATION  OF  SATEL- 
LITE PHOTOGRAPHS 

As  mentioned  previously  in  this  chapter, 
satellite  photographs  are  a  valuable  aid  to  the 
analyst.  The  photographs  should  have  been 
referred  to  when  initially  positioning  the  front,s, 
lows,  troughs,  and  ridges  on  the  map.  Prior  to 
finalizing  the  map  these  pictures  should  be 
compared  with  the  analysis  to  insure  that  the 
complete  analysis  is  a  consistent,  smooth- 
fiowing  picture.  It  may  be  desirable  to  make  last 
minute  adjustments  inadvertently  overlooked 
during  the  initial  phase  of  the  analysis. 

APPLICATION  OF 
COMPUTER  PRODUCTS 

The  application  of  computer  products  was 
presented  earlier  along  with  references  for  ob- 
taining the  various  charts.  Just  as  it  is  important 
to  compare  the  satellite  pictures,  the  computer 
products  used  during  the  initial  pha,se  of  the 
analyses  should  also  be  compared  with  the 
finished  map  prior  to  finalizing.  As  stated 
earlier,  in  many  instances  these  charts  vvill  be 
utilized  in  place  of  the  hand  drawn  analysis  due 
to  personnel  limitations  and  limitations  in  the 
availability  of  data. 

FINALIZING  THE  CHART 

Some  of  the  steps  outlined  below  will  already 
be  completed  or  in  the  final  stages  by  the  time 
you  have  reached  this  step  in  the  analysis.  You 
should  either  complete  or  check  for  completion 
the  following  elements  of  the  analysis: 
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ISOBAR  LABELING 

After  all  the  isobars  have  been  sketched  and 
the  position  of  the  fronts  located,  the  final 
analysis  is  made.  Isobars  should  be  erased  and 
redrawn,  smoothing  out  irregularities  which  do 
not  show  logical  consisiency  and  other  irregu- 
larities which  may  be  due  to  errors  in  reported 
pressure  values. 


FRONTS 

After  completing  the  isobaric  analysis,  color 
in  the  fronts,  using  the  appropriate  standard 
symbols  and  indicating  areas  of  frontogenesis 
and  fro  n  to  lysis. 


HIGHS  AND  LOWS 

Label  the  centers  of  highs  with  a  blue  ''H** 
and  the  centers  of  lows  with  a  red  "L.**  If  the 
center  of  a  high  is  weakening  (central  pressure 
falling)  or  the  center  of  a  low  is  deepening 
(central  pressure  falling),  suffix  the  letter  "L"  or 
"H''  with  a  minus  sign.  If  the  central  pressure  is 
rising,  use  a  plus  sign. 


WEATHER  PHENOMENA 

Precipitation  areas  and  other  areas  of  signifi- 
cant weather  should  be  indicated  by  using  the 
appropriate  color  shading  or  symbols. 

AIR  MASS  LABELING 

This  is  usually  an  optional  entry  and  many 
weather  offices  no  longer  enter  the  types  of  air 
masses  on  their  base  charts.  If  this  step  is 
desired,  label  the  air  masses  in  accordance  with 
the  standard  air  mass  symbols.  Sometimes  an 
alternate  method  is  used  to  indicate  the  air 
masses.  Tiiis  method  either  shades  the  cold  and 
warm  air  masses  in  light  blue  and  red,  respec- 
tively, or  is  indicated  by  a  large  arrow,  shaded  in 
lightly  and  labeled  appropriately,  showing  the 
direction  of  movement  of  the  air  mass. 


FUTURE  MOVEMENT  OF  FRONTS 
AND  PRESSURE  SYSTEMS 

Expected  positions  of  fronts  and  pressure 
systems  may  be  indicated  by  the  use  of  arrows 
pointing  to  the  position  they  are  expected  to 
move  during  the  next  6,  12,  or  24  hours. 

ISALLOBARS 

As  pointed  out  previously,  isallobars  are  most 
representative  if  the  diurnal  characteristic  is 
removed.  Isallobars  are  usually  drawn  for  1 
millibar  intervals,  I,  2,  3,  etc.,  plus  and  minus 
tendency  values.  Dashed  blue  lines  are  used  for 
plus  or  positive  tendencies  and  dashed  red  lines 
for  minus  or  negative  tendencies.  Some  stations 
prefer  to  begin  with  either  the  plus  2  or  minus  2 
value,  thereby  eliminating  some  of  the  diurnal 
change.  The  fallacy  of  this  ir  that  while  this  may 
be  representative  during  certain  periods  of  the 
day  when  either  plus  or  minus  diurnal  changes 
correspond  with  these  changes  in  the  synoptic 
tendency,  you  may  be  removing  a  perfectly  valid 
tendency  change.  It  is  best  to  use  diurnal 
tendency  tables  or  charts  as  mentioned  in  a 
previous  section  of  this  chapter. 

SOUTHERN  HEMISPHERE  ANALYSIS 

Most  of  the  Aerographer's  Mates  have  a 
Northern  Hemisphere  orientation  ana  all  too 
often  completely  ignore  the  peculiar  aspects  of 
the  Southern  Hemisphere  until  they  are  called 
upon  to  make  analyses  in  this  area.  It  requires  a 
considerable  amount  of  effort  to  reorient  your- 
self to  the  fact  that  cyclonic  circulations  in  this 
hemisphere  have  a  clockwise  rotation  of  the 
winds  and  anticyclonic  circulations  are  counter- 
clockwise. Also,  the  pressure  patterns  are  more 
regular  in  this  hemisphere  due  to  the  absence  of 
the  large  land  bodies,  present  in  the  Northern 
Hemisphere.  However,  certain  similarities  do 
exist  between  both  hemispheres  in  that  all 
atmospheric  features  which  depend  funda- 
mentally on  static  relationships,  the  hydrostatic 
equation  in  particular,  are  the  same.  For  exam- 
ple, in  both  hemispheres  fronts,  troughs  and 
lows  slope  toward  the  coldest  air,  ridges  and 
highs  toward  the  warmest  air,  isobar  kinks  point 
toward   higher   pressure,  and  static  stability 
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criterki  in  (ho  Ibrni  of  lapse  rate  and  moisture 
rolalioDs  arc  unchanged.  The  b-!sic  differences  of 
henuspheric  analysis  can  be  subdivided  into  two 
.uroup^,  geographical  (including  topographical), 
and  d\naniical. 

GEOGRAPHIC  CONTRASTS 

Aside  from  the  greater  land  area  of  the 
Northern  Hemisphere,  the  distribution  of  conti- 
nental areas  (including  lee  surfaces  which  do  not 
break  at  any  season)  is  quite  different.  Only 
wiihin  !()^-25^  of  the  F:quator  are  the  landniass 
areas  of  the  two  hemispheres  comparable.  The 
iiieat  landmasses  of  the  Northern  Hemisphere 
extend  from  subtropical  to  subarctic  latitudes, 
with  the  Arctic  Ocean  covering  most  of  the  area 
north  of  the  65th  parallel.  In  the  Southern 
neniisphere  only  one-fifth  of  the  30th  parallel 
ciosses  land  and  only  one  twenty-fifth  of  the 
40Ui  IS  not  maritime.  From  45''  S  to  65'"  S  there 

virtually  no  unbroken  water,  with  the  edge  of 
the  Antarctic  icecap  oscillating  seasonally  near 
the  latter  circle. 

In  polar  regions,  the  Arctic  icecap  seldom 
rises  move  than  a  few  feet  above  sea  level,  and 
areas  of  open  water  appear  during  the  summer 
season.  The  topography  of  the  Antarctic  icecap 
rises  to  altitudes  over  13.000  feet.  Most  of  the 
area  is  a  plateau  of  mean  elevation  of  about 
10,000  feet,  dropping  sharply  to  sea  level 
around  the  periphery.  Only  a  few  isolated  areas 
of  open  water  have  ever  been  observed  in 
summer  Circenland  is  the  nearest  North  Ameri- 
can analog. 

The  longitudinal  distribution  of  land  and 
water  is  a!so  different,  with  two  major  conti- 
nents and  oceans  in  the  Northern  Hemisphere 
and  three  ea^h  in  the  Southern  Hemisphere.  The 
principal  topographical  features  of  50""  S  lati- 
tude are  the  Andes  of  South  America  and  the 
plateau  of  South  Africa,  with  its  mean  elevation 
about  5,000  feet,  dropping  rather  abmptly  to 
sea  level  all  jiround  the  periphery  as  does  the 
AntarUic  icecap.  Australia  is  practically  without 
marked  topographical  features,  and  nowhere 
south  of  the  Equator  aie  Ihere  any  features 
comparable  to  the  Alps,  Urals,  or  Himalayas. 

North,  a.s  we  think  of  it  in  the  Northern 
Hemisphere,  has  a  different  connotation  in  the 


Southern  Hemisphere.  North  means  equator- 
ward  in  this  hemisphere  and  south  means  pole- 
ward. 

DYNAMICAL  CONTRASTS 

All  dynamical  differences  stem  from  one  fact; 
the  coriolis  parameter  is  negative  in  the  South- 
ern Hemisphere.  For  example,  the  basic  relation- 
ship between  wind  and  pressure  as  expressed  in 
Buy  Ballot's  law  becomes  in  the  Southern 
Hemisphere:  Facing  in  the  direction  toward 
which  the  wind  is  blowing,  low  pressure  is  found 
on  the  right.  Consequently,  the  sense  of  rotation 
about  lows  is  clockwise  and  about  highs  is 
counterclockwise  in  this  hemisphere.  However, 
lows  are  called  cyclones  and  highs  anticyclones 
in  either  hemisphere. 

Cyclonic  vorticity  is  negative  and  anticyclonic 
vorticity  is  positive  in  the  Southern  Hemsiphere. 
The  sign  conventions  for  divergence  and  conver- 
gence are  unchanged,  but  relations  between 
divergence  and  vorticity  must  be  modified.  All 
statements  relating  temperature  and  changes  in 
wind  with  height  must  be  altered  for  the 
Southern  Hemisphere  since  they  involve  apphca- 
tions  of  Buy  Ballot^s  law  to  thennal  winds  and 
temperature  fields- 

GENERAL  CIRCULATION 

Hemispheric  differences,  in  general,  decrease 
wiih  increasing  altitude.  All  the  jet  streams  of 
the  Northern  Hemisphere  have  their  southern 
analogues.  Southern  jets  are  more  intense  on  the 
average  with  smaller  amplitudes,  reflecting  the 
greater  zonal  indices  (over  double  in  magnitude) 
of  this  hemisphere.  The  stratospheric  cyclone  of 
the  polar  night  transforms  intr  the  anticyclone 
of  the  polar  day  in  both  hemispheres,  but  the 
"explosive  warming"  prior  to  the  onset  of  the 
polar  day  has  not  yet  been  observed  over  the 
Antarctic. 

Blocks  are  comparatively  rare  and  occur 
southeast  of  continents  in  late  winter  and  early 
spring,  and  drift  slowly  eastward,  again  empha- 
sizing the  importance  of  middle  latitude  conti- 
nents on  features  of  the  general  circulation. 

There  is  some  doubt  as  to  whether  counter- 
parts of  the  Aleutian  and  Icelandic  lows  exist  in 
the    mean    circulation    of    the  Southern 
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Hemisphere.  If  the>  do,  they  are  located  in  the 
Ross  and  Weddell  Sea  areas,  on  the  edge  of 
Antarctica,  and  are  most  sharply  defined  at  about 
700  iiiillibars.  Nav>  meteorologists  with  experi- 
ence in  those  areas  indicate  that  many  lows  under- 
going cy  do  lysis  move  into  these  regions  but 
disappear  rapidly  at  low  levels,  retaining  their 
identity  as  cold  lows  aloft  for  longer  periods. 
Tentatively,  it  can  be  said  th'M  the  Ross  and 
Weddell  Sea  lows  exist  aloft  in  both  the  general 
and  mean  circulation,  but  near  sea  level  only  in 
the  general  circulation.  Not  all  lows  are  stopped 
on  the  periphery  of  Antarctica,  they  penetrate 
to  the  South  Pole. 

The  subtropical  highs  of  the  South  Atlantic, 
South  Pacific,  and  South  Indian  Oceans  differ 
from  their  northern  counterparts  in  number, 
permanence,  .seasonal  migration,  and  seasonal 
intensity  changes.  They  are  more  migratory 
zonally,  less  migratory  nieriLMonally,  and  they 
decrease  in  intensity  from  winter  to  summer. 

MEAN  PRESSURE  CHARACTERISTICS 

The  mean  pressure  distribution  over  the 
Southern  Hemisphere  shows  three  lai^e  semi- 
permanent highs  exist  in  the  midlatitudes  over 
the  oceans.  (See  fig.  4-5.)  One  is  in  the  eastern 
South  Pacific  extending  from  about  140  degrees 
west  to  the  west  coast  of  South  America;  a 
second  one  almost  completely  covering  the 
South  Atlantic  Ocean:  and  the  third  more  or  less 
centrally  placed  over  the  South  Indian  Ocean. 
Along  the  mean  axes  of  these  highs,  about  30^S 
and  between  these  highs,  lie  indifferent  regions 
of  cols.  South  of  this  high  pressure  belt,  pressure 
decrease  is  regular  and  marked  to  about  6."^^ 
south  where  a  continuous  low  pressure  trough 
known  as  the  '^Antarctic  Trough*'  encircles  the 
Antarctic  continent.  Farther  south  is  found 
higher  pressure,  over  Antarctica,  North  of  tiie 
high-pressure  belt,  from  30°  south,  is  the  region 
of  low  pressure,  located  over  the  equatorial 
regions,  that  separates  the  high  pressure  belts  of 
both  hemispheres.  In  summer  heat  lows  appear 
south  of  the  Amazon  Basin  in  South  America, 
over  the  whole  of  the  eastern  part  of  South 
Africa,  and  over  northern  Australia.  The  latter  is 
the  largest  of  these  heat  lows  and  covers 
northern  Australia,  the  Dutch  East  Indies,  and 
the  central  Indian  Ocean.  In  winter,  although 


pressure  is  relatively  high  over  .and,  sepaiate 
subtropical  anticyclones  can  still  be  distin- 
guished. The  only  pronounced  seasonal  variation 
of  pressure  in  midlatitudes  is  the  shift  of  the 
axes  of  the  subtropical  highs,  moving  only  a  few 
degrees  of  latitude  northward  during  the  North- 
ern Hemisphere  summer  and  a  few  degrees  of 
latitude  southward  in  the  Northern  Hemisphere 
winter. 

AIR  MASSES 

The  semipermanent  highs  produce  tropical  aii 
similar  to  the  highs  in  the  Northern  Hemisphere. 
There  is  no  continental  polar  air  in  the  Southern 
Hemisphere.  The  air  over  the  snow  and  ice 
covered  regions  is  Antarctic  air  but  it  rarely 
leaves  this  area  as  true  Antarctic  air.  It  becomes 
rapidly  modified  to  niP  air  as  it  moves  over  the 
water.  iVlaritime  polar  air  is  the  most  predomi- 
nant air  of  the  Southern  Hemisphere.  Air  form- 
ing in  the  central  dry  regions  of  South  Africa 
and  Australia  has  all  the  properties  of  conti- 
nental tropical  air  and,  in  its  source  region,  is 
dry  and  cloudless  with  a  steep  lapse  rate.  When 
it  moves  to  neighboring  oceans,  a  strong  inver- 
sion is  formed  in  the  lower  layers  and  with  the 
addition  of  moisture  from  the  ocean,  sheets  of 
stratocumulus  and  stratus  are  formed. 

MAJOR  FRONTAL  ZONES 

In  figures  2-7  and  2-8  you  can  see  the  major 
frontal  zones  of  the  Southern  Hemisphere.  Areas 
of  frontogenesis  are  found  in  the  semistationary 
polar  troughs  that  exist  along  th.e  western  border 
of  each  of  the  subtropical  highs.  Wave  distur- 
bances form  along  these  fronts  much  the  same  as 
those  forming  along  the  polar  fronts  in  the 
Northern  Hemisphere.  Usually  they  develop  into 
families  of  from  two  to  six.  This  wave  sequence 
ends  when  the  final  wave  member  of  the  series 
has  run  together  and  occluded  in  a  large  central 
cyclone  to  the  southeast  of  the  semipermanent 
highs. 

SYNOPTIC  CHARACTERISTICS 
OF  THE  PRESSURE  PATTERN 

Between  the  regions  of  semipermanent  highs 
are  trains  of  warm  migratory  anticyclones.  They 
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move  steadily  at  about  1 0  degrees  oflongituclo 
per  day  from  west  to  east.  Between  these 
migratory  highs  are  the  upper  parts  of  inverted 
V-shaped  depressions  that  move  along  with 
them.  These  V-shaped  depressions  are  the  north- 
ern parts  of  larger  cyclonic  systems  to  the  south. 

APPLICATION  OF  SATELLITE 
CLOUD  PHOTOGRAPHS 

The  application  of  satellite  cloud  photographs 
to  analysis  and  forecasting  in  the  Southern 
Hemisphere  utilizes  the  same  procedures  as 
presented  earlier  in  this  chapter  for  the  Northern 
Hemisphere.  The  anaiyst  must  bear  in  mind, 


however,  that  the  orientation  of  the  cloud 
systems  in  relation  to  the  meteorological  fea- 
tures must  be  adjusted  in  accordance  with  the 
reversed  flow. 

APPLICATION  OF  COMPUTER 
PRODUCTS 

As  mentioned  earlier  in  this  chapter,  com- 
puter products  will  frequently  be  used  in  place 
of  the  hand  drawn  analysis.  This  practice  is 
rapidly  becoming  standard  procedure,  and  is 
even  more  applicable  to  the  Southeni  Hemi- 
sphere due  to  scarcity  of  data.  It  is  therefore 
imperative  that  the  AG  learn  as  much  as  he  can 
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Figure  6-19.-Weather  map  for  a  portion  of  the  Southern  Hemisphere. 
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about  the  application  of  computer  products  in 
analysis  and  forecasting.  Their  application  will 
be  discussed  in  greater  detail  in  chapters  8 
through  12  pertaining  to  forecasting.  The  refer- 
ences mentioned  earlier  in  this  chapter  as  well  as 
any  later  or  more  current  publications  should  be 
carefully  examined  for  additional  information. 

SYNOPTIC  ANALYSIS 

Basically,  the  techniques  of  Southern  Hemi- 
sphere analysis  do  not  differ  appreciably  from 
those  of  its  Northern  Hemisphere  counteipart, 
but  because  the  Southern  Hemisphere  is  largely 
made  up  of  water,  oceanic  analysis  is  of  greater 
importance.  There  are  some  notable  exceptions. 
Since  warm  type  occlusions  develop  principally 
off  the  west  coasts  of  continents  in  middle 
latitudes,  it  is  extremely  unlikely  that  such 
occlusions  ever  occur  in  the  Southern  Hemi- 
sphere* The  so  called  "meridional  fronts"  are 
usually  cold  occluded  fronts  or  sometimes  just 


cold  fronts.  Fronts  are  usually  weaker  in  density 
contrast  than  in  the  Northern  Hemisphere. 
Figure  show,s  a  typical  analysis  of  surface 
chart  in  the  region  of  Australia.  Note  that  the 
feathers  are  drawn  on  the  right  side  of  the  shaft 
looking  toward  the  station  circle. 

Some  basic  aids  to  analysis  over  the  Southern 
Hemisphere  arc  listed  below: 

1.  Extensive  use  of  wind  scales  should  be 
utilized  over  the  water  areas. 

2.  A  knowledge  of  terrain  and  geographic 
characteristics  is  important  when  considering 
island  and  other  land  reports. 

3.  Seasonal  variations  that  may  indicate  erro- 
neous heat  lows  must  be  handled  with  caution. 

4.  Because  of  the  rapid  altitude  changes  in 
short  distances  on  the  edges  of  South  Africa  and 
Antarctica,  no  attempt  sliould  be  made  to 
connect  the  pressure  fields  of  the  continental 
and  adjacent  ocean  areas.  Discontinuous  isobars 
are  in  order  wherever  terrain  heights  differ  by 
5.000  feet  or  more. 
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PraUiCciIlv  all  wccitlicr  as  wc  know  and  experi- 
ence it  occurs  in  tlie  troposplieru.  For  tliis 
reason  the  Aerographefs  Mate  must  have  data 
from  levels  other  than  the  surface  to  provide 
hiniscir  and  other  users  with  the  most  complete 
picture  possible  of  the  3-dimensionaI  distribu- 
tion of  wind  and  temperature  in  the  atmosphere. 
Upper  air  observations  yield  most  of  these  data 
and  when  plotted  and  analyzed  on  upper  air 
charts  and  diagrams,  these  analyses  can  be 
related  to  the  surface  and  other  upper  air 
manifestations  to  gain  a  more  accurate  picture 
of  the  existing  conditions. 

EVALUATION  OF  DATA 

DATA  CONSIDERATIONS 

The  analyst  should  be  aware  of,  and  alert  for, 
diseiepaneies  between  reported  data  and  that 
actually  existing  at  the  particular  level.  The  same 
type  of  errors  and  unrepresentaliveness  of  data 
can  exist  at  upper  levels  as  at  .surface  levels  and 
depend  to  a  large  extent  on  the  method  ased  in 
determining  the  data. 

Temperature 

An  international  comparison  of  radiosondes 
spoiLsored  by  the  World  Meteorological  Organi- 
zation in  Switzerland  in  1950  revealed  that  in  95 
percent  of  the  cases  the  differences  between  the 
data  given  by  any  two  radiosondes  on  the  same 
flight  were  not  greater  than  2°C  and  20  percent 
relative  humidity  up  to  700  mb.  The  results 
showed  that  while  some  instruments  are  affected 
too  greatly  by  solar  radiation  and  more  accuracy 
IS  needed  in  huiiiuhty  measurements  below  0  C. 
the  instruments  provide  satisfactory  data  for 


synoptic  use  if  observers  are  fully  trained  to 
exercise  the  proper  care  in  the  evaluation  of 
.soundings.  The  compatibility  tests  slio^ved  that 
in  practice  an  individual  radiosonde  will  report 
temperature  [k}  within  I^C.  91  percent  of  the 
time. 

Pressure 

The  average  instrumental  error  in  pressure  is 
from  2  to  4  mb  with  an  absolute  maximum  of 
about  5  mb.  This  maximum  error,  however,  is 
found  in  only  I  out  of  100  instruments.  The 
mean  virtual  temperature  estimate  of  an  isobarie 
layer  of  any  appreciable^  thickness  is.  for  all 
practical  purposes,  unaffected  by  the  relatively 
small  instrumental  error. 


Humidify 

hi  the  average  upper  air  sounding  the  humid- 
ity reports  arc  about  5  percent  in  error  at  the 
700-nib  level,  and  they  may  be  as  high  as  20 
percent  at  the  300-nib  level.  Relative  humidity 
values  arc  always  given  with  respect  to  a  water 
surface  and  never  with  respect  to  ice  crystals. 
This  means  that  in  passing  through  a  cirrus  type 
cloud,  the  humidity  clement  may  give  only  a  70 
to  80  percent  relative  humidity  and  still  be 
accurate.  For  example,  at  -20^0  the  humidity 
with  respect  to  water  need  only  be  about  83 
percent  for  the  air  to  be  sa^nirated  with  respect 
to  ice.  In  this  respect  one  can  make  a  very  rough 
estimate  that  for  every  lO^C  below  zero,  a  10 
percent  lowering  of  the  reported  relative  humid- 
ity can  be  anticipated  due  to  the  fact  that  the 
humidity  is  coded  with  respect  to  water  rather 
than  with  respect  to  ice. 
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Upper  Winds 

The  reliability  of  upper  wind  observations 
depends  upon  the  manner  in  which  they  were 
determined.  For  example,  when  plane  triangula- 
tion  is  used  to  determine  the  height  of  the 
balloon,  and  the  curvature  of  the  earth  is  not 
taken  into  account,  the  balloon  seems  to  be 
lower  than  it  actually  is. 

Wind  directions  are  often  very  unreliable 
when  light  winds  in  the  stratosphere  are  ob- 
served above  strong  winds  in  the  troposphere, 
and  they  may  be  as  much  as  1 80  degrees  off  in 
direction. 

Summary 

Table  7-1  is  the  table  used  by  the  National 
Meteorological  Center  for  the  probable  error  in 
height,  wind,  and  temperature  data  at  various 
elevations. 

ORDER  OF  ACCURACY 
OF  UPPER  AIR  DATA 

The  order  of  accuracy  of  upper  air  data  is 
listed  below. 

Rawinsondes  (Radiosondes) 

Rawin  wind  data  are  for  the  most  part  very 
accurate.  Heights  and  temperature  data  are 
subject  to  the  same  type  errors  listed  previously. 
Wind  data  are  most  accurate  when  determined 
by  radar. 

PIbal  Data 

The  outstanding  accuracy  limitations  of  this 
type  of  observations  are  the  assumption  of  a 
constant  ascension  rate  and  the  possibility  of 
errors  because  of  the  timelag  in  readings  by  the 
manual  operator.  Errors  in  pilot  balloon  data 
may  become  especially  significant  in  the  case  of 
strong  winds  or  large  vertical  shears. 


Weather  Reconnaissance  Reports 

Pressure,  temperature,  and  humidity  observa- 
tions  gathered    by    dropsonde    methods  are 


limited  somewhat  in  accuracy  by  the  types  of 
instruments  used.  In  general  they  are  not  as 
accurate  a^  rawinsonde  and  radiosonde  equip- 
ment. Hov.ever,  tlight  altitude  data  are  reason- 
able accurate  and  useful.  Heights  are  usually 
given  at  some  mandatory  pressure  surface  (700-, 
500-mb,  etc.). 

AIRCRAFT  REPORTS  (AIREP'S) 

The  accuracy  of  AIREP  data  will  vary  radi- 
cally with  the  method  of  position  determina- 
tion, the  instruments  available  to  the  navigator, 
instrument  limitations,  and  the  navigation  proce- 
dures used.  When  extrapolations  are  made  from 
flight  altitude  to  some  other  level,  these  must  be 
corrected.  In  those  cases  where  the  mean  wind 
over  the  last  hour  is  reported,  the  wind  should 
be  spotted  at  the  midpoint  of  the  last  hourly 
track.   

RESOLVING  ERRONEOUS  DATA 

Reports  are  occasionally  received  and  plotted 
which  are  evidently  not  compatible  with  other 
observations  in  the  same  region.  In  many  cases 
such  erroneous  reports  can  be  resolved  into 
usable  data.  Such  error''  may  appear  for  a 
number  of  reasons.  Common  ones,  which  can 
sometimes  be  resolved,  are  communications  and 
plotting  errors,  computation  errors,  and  in  the 
case  of  aircraft  reports,  erroneous  position  re- 
ports. Although  the  Aerographer's  Mate  must 
exercise  discretion  in  correcting  such  errors,  he 
should  not  throw  away  or  disregard  data,  unless 
it  is  absolutely  necessary. 

PURPOSE  OF  ANALYSIS 

The  purpose  of  the  analysis  of  upper  air 
charts  is  to  estimate  and  to  represent  the 
continuous  distribution  of  atmospheric  condi- 
tions throughout  three  dimensions  from  observa- 
tions made  at  but  few  points  or  along  a  few 
lines.  Such  an  analysis  should  provide  pictorial 
representations  of  the  conditions  everywhere; 
otherwise  the  many  interrelationships  between 
the  various  conditions  to  be  considered  would 
be  too  difficult  to  be  useful. 

In  many  regions  the  greatest  amount  of 
observational  data  is  available  at  the  surface  of 
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Table  7-1. -Probable  errors  In  upper  air  data. 


Parameter 

Probable  error 

Remarks 

Raoh  temperatures 

+  1^  C  to  400  mb 
+  2"^  C  above 

Raob  heights 
l,UUU  mb 

odO  mb 

+  6  meters  per  305 
meters  of  station 
elevation 

+  9  meters 

Different  temperature  parameter 
used  for  reduction  to  1,000  mb 

than  to  m^l  whirh  rp^nltQ  in 

inconsistencies  of  the  order  of 
120  meters  in  extreme  cases. 

In  order  to  rirpiimvpnt  thiQ  U70 

vy*  v*^*                     VxUllI  V  cut   IIIIO  ,     W  tJ 

directly  convert  the  reported 
msl  pressure  to  1,000  mb. 

700  mb 

+  12  meters 

500  mb 

+  21  meters 

400  mb 

±  30  meters 

oOO  mb 

+  49  meters 

200  mb 

+  70  meters 

150  mb 

+  90  meters 

Thicknesses: 
1,000-700 
1,000-500 
500-300 

±  12  meters 
±  21  meters 
+  27  meters 

Tropopause  heights 

±  10  mb 

Winds  aloft 
directions 

Winds  aloft 
speeds 

±  5  degrees 

+  10  knots  up  to 
500  mb  for 
winds  up  to 
50-75  kt 

Due  in  part  to  rounding  off  to 
nearest  5  degrees  in  coding. 

This  error  increases  rapidly, 
especially  for  winds  over  100 
kt,  usually  due  to  low  elevation 
angles  of  recording  equipment. 
Also  varies  considerably  with 
different  types  of  equipment. 

the  earth.  In  those  cases  it  is  desirable  to  start 
with  the  surface  level  and  work  up  through  the 
successive  upper  levels  by  the  use  of  thickness 
analyses.  This  method  is  known  as  differential 
analysis  and  is  discussed  later  in  this  chapter. 
However,  in  some  regions  data  are  adequate  and 
ample  at  the  upper  levels  and  only  some 
intermediate  points  must  be  constructed. 


If  the  complete  3-dimensional  picture  is  avail- 
able to  the  meteorologist,  his  forecast  problem  is 
greatly  simplified.  Therefore,  it  is  important  that 
data  be  evaluated,  extrapolated,  and  analyzed 
accurately  to  portray  the  best  possible  picture  of 
the  actual  atmospheric  conditions.  Some  of  the 
data  useful  to  both  the  meteorologist  and  the 
pilot  are  apparent  from  a  preliminary  study  of 
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the  map.  Other  Jala  must  be  computed  or 
derived  from  this.  Two  of  the  most  important 
considerations  are  the  use  of  winds,  both  actual 
and  computed,  in  the  analysis  of  contours,  and 
the  extrapolation  of  heights  in  areas  where  data 
are  sparse. 

Constant  pressure  charts  are  used  for: 

1.  Locating  pressure  systems. 

2.  Steering  pressure  systems. 

3.  Locating  dry  and  moist  layers  of  air. 

4.  Determining  if  fronts  extend  to  the  level  in 
question. 

5.  Locating  cyclonic  and  anticyclonic  flow. 

6.  Locating  areas  of  horizontal  convergence 
and  divergence. 

7.  Forecasting  surface  aiid  upper  air  weather. 

8.  Constructing  thickness  charts  and  advec- 
tion  charts. 

9.  Constructing  time  differential  charts. 
10.  Jetstream  and  isotach  analysis. 

EXTRAPOLATION  OF  HEIGHTS  OF 
CONSTANT  PRESSURE  SURFACES 

In  practice,  the  analysis  of  upper  level  charts 
may  be  conveniently  placed  in  two  categories 
the  analysis  of  sparse  data  areas  and  the  analysis 
of  dense  data  areas.  On  many  occasions,  upper 
air  observations  do  not  reach  all  the  way  up  to 
the  level  where  an  analysis  must  be  made. 
Because  of  the  scarcity  of  upper  air  reports  over 
ocean  areas,  it  is  frequently  desirable  to  extrapo- 
late upper  air  data  from  surface  reports.  There 
are  many  methods,  employing  the  use  of  tables 
or  nomograms,  which  may  be  used  to  accom- 
plish this  purpose.  All  of  these  are  based  on 
some  form  of  the  hydrostatic  equation.  With  the 
known  surface  temperature  and  pressure,  and 
the  assumed  mean  virtual  temperature  to  the 
desired  level,  it  is  possible  to  obtain  the  height 
of  that  level.  The  mean  virtual  temperature  is 
usually  obtained  by  assuming  a  moist  adiabatic 
lapse  rate  or  by  averaging  the  known  surface 
temperature  and  an  estimated  temperature  for 
the  upper  level.  The  latter  estimated  tempera- 
ture is  based  on  previous  analysis  compensated 
for  any  changes  which  may  have  occured  during 
the  interim.  In  the  case  of  marked  inversions  of 
any  type,  the  estimated  heiglit  is  less  than  the 
''true''  height  since  the  arithmetic  mean  of  the 


temperatures  will  then  be  less  than  the  ''true'" 
mean  temperature.  Of  course  the  analyst  can 
compensate  for  such  inversions  when  their  pres- 
ence is  suggested  on  the  synoptic  map  by  using  a 
high  estimate  of  the  upper  temperatures.  This 
procedure  could  be  used  in  the  following  situa- 
tions. 

1.  In  the  vicinity  of  high  pressure  cells  where 
subsidence  inversions  are  present. 

2.  When  surface  inversions  are  indicated  by 
stable  weather  phenomena  such  as  fog. 

3.  When  a  frontal  surface  is  below  the  level  to 
be  extrapolated. 

A  recent  study  comparing  the  true  thickness 
of  the  K000-700-nib  and  I,000-500-mb  layers 
to  the  value  obtained  by  using  the  arithmetic 
mean  of  the  KOOO-mb  temperature  and  the  700- 
or  500-nib  temperature,  respectively,  showed  an 
error  of  less  than  30  meters  in  90  percent  of  the 
cases  for  the  former,  and  less  than  60  meters  in 
90  percent  of  the  cases  for  the  latter.  This 
sample  included  several  hundred  soundings. 

Obviously,  if  we  are  to  construct  the  height  of 
the  700-  or  500-nib  level,  the  first  correction 
that  must  be  made  is  that  of  correcting  the 
current  temperature  and  pressure  to  the  1,000 
mb  level  and  then  extrapolating  the  height  of 
the  upper  level. 

Computing  Height  of  the 
KOOO^nb  Surface 

The  height  of  the  1,000-mb  pressure  surface  is 
the  height  of  this  surface  in  geopotential  meters 
above  mean  sea  level.  For  computational  pur- 
poses, assume  that  7  1/2  mb  equals  60  meters 
(or  8  meters  per  1  millibar)  when  detennining 
this  height. 

Extrapolation  of  Upper  Levels 

One  of  the  methods  for  obtaining  the  height 
of  the  700- or  500-mb  level  is  outlined  below. 

1.  Estimate  the  temperature  at  the  upper 
level  from  past  analysis. 

2.  Use  figure  7-1.  With  a  straightedge  line  up 
the  surface  temperature  on  the  left  scale  with 
the  upper  level  temperature  on  the  right  scale. 
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Figure  7«1. -Nomogram  for  computing  height  of  the  700-mb  and  500-mb  levels. 
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Read  off  the  tliickiiess  of  the  appropriate  layer 
where  the  straightedge  intersects  the  center 
scale.  Note  that  this  is  the  thickness  from  1,000 
mb  to  the  upper  level  and  that  values  for  the 
1,000-  to  700-mb  thickness  are  on  the  left  of  the 
center  scale  and  values  for  the  1,000-  to  500-mb 
thickness  are  on  the  right  of  the  center  scale. 

3.  Estimate  the  height  of  the  1,000-mb  level. 

4.  Add  algebraically  the  height  obtained  in 
step  3  and  the  thickness  obtained  in  step  2.  This 
is  the  height  of  the  upper  surface.  For  example, 
a  ship  reports  a  pressure  of  1,015  mb  and  a 
temperature  of  78**  F.  If  the  temperature  of  the 
TOO-mb  level  is  estimated  to  be  -3°  C,  \vhat  is 
the  height  of  the  700-mb  level? 

a.  The  1,000-  to  70^'^-mb  thickness  equals 
2,957  meters  (from  fig.  7-1). 

b.  The  height  of  the  1 ,000-mb  level  equals 
120  meters  (1,015  mb  minus  1,000  mb  equals 
15  mb;  15  mb  divided  by  7  1/2  mb  equals  2;  2 


times  60  meters  equals  120  nieteis  if  the 
standard  value  is  used). 

c.  The  height  of  the  700-nib  level  equals 
2,957  meters  plus  120  meters  equals  3.077, 
meters. 

In  areas  of  sparse  reports  and  if  a  (juick 
computation  of  the  thickness  is  desned,  figuic 
7-2  may  be  used  to  compute  the  thicknesses 
between  the  1,000-700  nib  layer  and  the 
1,000-500  mb  layer  using  the  temperatures  at 
the  850  and  700  mb  levels,  respectively.  A 
column  is  also  included  in  this  table  to  show  the 
thickness  from  500  to  300  millibars  based  on 
the  temperature  value  at  500  millibars.  A  woid 
of  caution  in  using  this  table:  inversions  or 
nonrepresentative  temperatures  at  cithei  ol 
these  levels  will  result  in  an  incorrect  thickness 
for  the  layer.  For  a  more  correct  computatic^ii 
based  on  this  method  see  Table  53,  Smithsonian 
Meteorological  Tables,  NA  50-1B-521. 
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Figure  7-2.— Thickness  values  from  temperatures  at  constant  pressure  levels. 
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EVALUATION  OF  WIND 

When  evaluating  data  during  the  analysis  of 
upper  winds,  the  analyst  should  differentiate 
between  that  data  which  is  related  to  actual 
wind  flow  as  compared  to  the  flow  of  ge- 
ostrophic  wind. 

Differences  Between  Actual 
and  Geostrophic  Winds 

It  is  sometimes  helpful  to  consider  some 
theoretical  ways  in  which  the  geostrophic  wind 
should  differ  from  actual  winds.  At  low  levels 
(beiow  2.000  feet  above  the  terrain)  friction 
with  the  ground  is  effective  and  actual  winds 
should  flow  across  contours  or  isobars  from  high 
to  low  values.  Above  the  friction  layer, 
discrepancies  should  occur  whenever  the  flow  is 
curved  rather  than  along  straight  lines.  Actual 
winds  should  be  somewhat  weaker  than 
geostrophic  winds  in  counterclockwise  flows 
around  lows,  and  somewhat  stronger  than  geo- 
strophic winds  in  clockwise  flows  around  highs. 
In  low  latitudes  (between  20""  N  and  20**  S) 
geostrophic  winds  become  poor  estimates  of  the 
actual  winds  because  the  geostrophic  wind  is 
inversely  proportional  to  the  sine  of  the  latitude 
which  approaches  zero  near  the  Equator. 

Wind  Shear 

Wind  shear  may  be  either  on  a  vertical  or 
horizontal  plane.  The  vectoral  rate  of  change  of 
wind  with  respect  to  altitude  is  called  the 
vertical  wind  shear.  Horizontal  wind  shear  is  the 
rate  of  change  on  a  horizontal  plane.  The 
vertical  wind  shear  per  unit  distance  within  a 
layer  of  air  may  be  determined  by  taking  the 
vector  difference  between  the  wind  reported  at 
the  top  of  the  layer  and  the  wind  reported  at  the 
bottom  of  the  layer  and  dividing  by  their 
vertical  separation. 


Thermal  Wind  and  Wind  Shear 

The  vector  difference  between  the  geo- 
strophic winds  at  two  levels  is  called  the  thermal 
wind  by  meteorologists.  Consequently,  the  ther- 


mal wind  is  not  a  wind  which  actually  blows  in 
the  atmosphere;  rather,  it  is  the  difference 
between  winds  at  two  levels.  To  illustrate,  if  the 
700-mb  geostrophic  wind  is  southwest  at  50 
knots,  and  the  500-mb  geostrophic  wind  is  west 
at  80  knots,  then  the  vector  difference  or  the 
thermal  wind  is  northwest  at  58  knots.  (See  fig. 
7-3.) 


AG.517 

Figure  7-3.-ThermaI  wind  between  two 
pressure  surfaces. 

In  this  example,  the  mean  isotherms  between 
500  and  700  mb  would  be  oriented  in  a 
northwest  to  southeast  direction  with  colder  air 
toward  the  north.  In  general,  the  direction  of 
the  thermal  wind  is  parallel  to  the  mean  iso- 
therms in  the  given  layer,  with  the  colder  air  to 
the  left;  looking  downstream.  The  magnitude  of 
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the  thermal  \\'\\n\  Ls  diiectly  pioportional  to  the 
mean  temperature  gradient  of  the  hiyer. 

In  summary,  the  thermal  wind  bears  the  same 
relatioiKship  to  the  hori/.ontal  mean  temperature 
gradient  in  a  layer  of  air  as  the  geohtrophic  wind 
cloei>  to  the  hori/.ontal  pressure  gradient. 

One  must  distinguish  between  the  change  ot* 
the  actual  wind  through  a  layer  and  the  thermal 
wind  of  that  layer.  The  actual  wind  change  is  the 
vector  difference  of  the  observed  winds  at  the 
two  levels.  On  the  other  hand,  the  thermal  wind 
is  a  special  type  of  wind  change  vector,  if  the 
winds  at  both  levels  are  geostrophic,  the  actual 
wind  change  and  thermal  wind  are  identical.  In 
some  cases,  as  when  the  curvature  of  the 
contours  changes  rapidly  with  height,  there  may 
be  a  difference  between  the  thermal  wind  and 
the  actual  wind  shift  through  the  layer. 

One  of  the  most  fundamental  meteorological 
concepts  used  by  meteorologists  in  upper  level 
analysis  is  the  relationship  between  wind  and 
height  as  expressed  by  the  geostrophic  and 
gradient  wind  equations. 


Geostrophic  Wind  Scales 

The  mathematical  equations  representing  de- 
viations in  geostrophic  wind  are  applied  to 
analysis  through  the  use  of  scales.  The  procedure 
for  using  these  scales  is  presented  in  chapter  6  of 
this  manual.  The  use  of  geostrophic  wind  scales 
makes  practical  application  of  the  equations 
possible  within  the  time-frame  necessary  to 
maintain  validity  in  the  analysis. 


APPLICATION  OF 
SATELLITE  DATA 

The  cloud  formations  depicted  on  satellite 
pictures  have  a  definite  relationship  to  the  flow 
patterns  which  appear  through  the  analysis  of 
computer  or  hand  drawn  weather  charts.  Figure 
7-4  illustrates  the  relationship  betv/een  an  upper 
air  analysis  and  an  HRIR  (high  resolution 
infrared)  satellite  picture  showing  a  cutoff  low 
at  the  500-mb  level.  Figure  7-5  shows  the  same 


system  appearing  in  an  AVCS  satellite  photo- 
graph. 

The  IIRIR  picture  shows  the  familiar  cloud 
pattern  (fig.  7-4(A))  associated  with  a  cutoff 
low  in  the  eastern  North  Atlantic.  In  this  case 
the  cloud  bands  which  spiral  in  toward  the 
center  contain  some  cumulus  congestus,  but 
there  is  no  distinct  spiral  of  low-level  clouds 
which  would  define  the  location  of  the  center 
on  a  surface  map.  In  fact,  there  is  some  question 
whether  or  not  a  surface  low  center  e.xists. 

The  general  pattern  is  quite  similar  in  the 
visual  and  IR  pictures,  but  the  areas  of  strong 
vertical  motion  and  active  weather  are  more 
clearly  depicted  in  the  temperature  field.  For 
example,  the  cloud  band  (fig.  7-4(B)  and 
7r5(B)),  appeared  quite  bright  and  solid  m  the 
visual  pictures  taken  at  both  12  hours  before 
and  12  hours  after  the  IR,  whereas  the  IR 
showed  only  small  scattered  areas  of  activity. 
The  area  shown  in  figure  7-5(C)  appears  quite 
active  in  the  visual  mode,  but  the  IR  shows  that 
the  cloud  tops  are  low  and  fiat. 

The  preceding  comparison,^  are  intended  to 
point  out  a  few  of  the  interpretations  which 
might  be  derived  from  the  use  of  satellite 
pictures.  It  should  be  borne  in  mind  that  the 
HRIR  nighttime  view  also  yields  definitive  infor- 
mation for  night  briefing  purposes  regaiding 
icing,  turbulence,  and  type  of  precipitati  »n  in 
the  vicinity  of  the  systems  appearing  in  the 
pictures. 

From  the  preceding  discussion  it  becomes 
readily  apparent  that  a  comparison  of  the 
analysis  with  the  satellite  pictures  is  quite 
beneficial  to  the  analyst.  He  can  not  only  verify 
tlie  existence,  intensity,  and  position  of  weather 
systems,  but  in  sparse  data  areas  this  may  be  his 
only  means  of  completing  the  analysis. 

Information  related  to  the  interpretation  of 
satellite  pictures  as  they  pertain  to  map  analysis 
may  be  found  in  the  Direct  Transmission  System 
Users  Guide,  available  from  NOAA  and  Guide 
for  Observing  the  Environment  with  Satellite 
Infrared  Imagery,  NWRF  F-0970-158.  In  addi- 
tion, other  publications  are  listed  in  NavSup 
2002. 
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SURFACE  (SOLiD)  AND  jOO-M8  (DASHED)  ANALYSES  OOOOZ  9  JUNE  1969 


IR,  LOCAL  MIONICHT  (OUSZ  9  JUNE  1969) 
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Figure  7-4.-500-mb  analysis  and  accompanying  HRIR  satellite  picture. 


REVIEW  OF  PARAMETERS 
Con  tours 

Contours  are  lines  joining  equal  heights  of  a 
given  isobaric  surface.  These  lines  are  usually 
drawn  for  60  or  120  meter  intervals.  Occasion- 
ally they  may  be  drawn  for  intermediate  30  or 
60  meter  intervals  where  the  gradient  is  rela- 
tively Hat.  Wind  observations  are  the  primary 
source  of  data,  along  with  height  values,  for 
drawing  contours.  That  is,  the  contours  are 
directed  and  spaced  in  accordance  with  observed 
and  calculated  winds. 


Tliickness 

The  geonieteric  thickness  of  a  layer  of  air 
between  two  isobaric  surfaces  is  evaluated  from 
the  mean  virtual  temperature  of  the  layer.  The 
thickness  may  be  found  by  taking  the  difference 
between  the  heights  reported  at  mandatory 
isobttric  levels  at  each  station. 

Wind  Shear 

The  wind  shear  may  be  either  vertical  or 
horizontal  and  is  important  in  determining 
turbulence,  location  of  frontal  zones,  and  other 
factors  of  meteorological  importance. 
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Figure  7-5.-500-mb  analysis  and  : 

Deepening  and  Filling 

Deepening  and  filling  are  terms  used  to 
describe  processes  wherein  the  pressure  at  the 
center  of  a  low  pressure  system  is  decreasing 
with  time  (deepening)  or  the  system  is  dissipat- 
ing (filling).  Deepening  usually  indicates  a  con- 
tinued intensification  of  the  gradients  of  pres- 
sure systems. 

Strengthening  and  Weakening 

A  pressure  system  is  said  to  strengthen  when 
the  gradients  and  the  associated  winds  become 
stronger.  When  the  contour  gradient  becomes 
flatter  or  less  intense  with  time,  the  system  is 
said  to  weaken. 

CONSIDERATION  OF  CONTINUITY 

One  basic  consideration  in  the  approach  to  all 
types  of  map  analysis  is  that  of  history  or 


AG.519 

npanying  AVCS  satellite  picture. 

continuity.  The  slope  of  height  fields  and  their 
orientations  do  not  change  radically  in  short 
periods  of  time.  Consequently,  a  valuable  aid  in 
contour  analysis  of  a  given  pressure  surface  is 
the  past  history  of  the  contours  at  that  surface. 
The  study  of  previous  maps  is  essential,  both  as 
a  key  to  the  present  situation,  and  as  a  method 
of  preserving  an  orderly  progression  of  move- 
ment and  change  of  atmospheric  systems.  The 
necessity  for  maintaining  this  continuity  is 
essential  for  analysis  as  well  as  for  prognostic 
purposes. 


COMPARISON  WITH 
COMPUTER  ANALYSIS 

When  analyzing  upper  air  charts  it  must  be 
emphasized  that  all  available  data  should  be 
utilized.  A  valuable  and  often  used  aid  for 
determining  the  validity  of  the  manually  prepared 
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analyses  is  the  computer  analysis.  In  the 
not  too  distant  future,  as  hardware  continues  to 
become  more  available,  manually  performed 
analysis  will  no  doubt  become  entirely  out- 
moded. However,  the  analyst  or  forecaster  who 
understands  the  concepts  involved  in  accom- 
plishing the  manual  analysis  will  be  able  to  more 
intelligently  utilize  the  computer  product.  Re- 
member, a  machine  cannot  exercise  judgement. 
It  must  be  provided  with  accurate  data  and 
directions  for  making  decisions.  Although  in 
most  cases  the  computer  product  will  be  more 
accurate  than  the  manually  produced  one,  the 
analyst  must  apply  his  own  judgement  based  on 
his  experience  and  other  available  data.  He  must 
not  blindly  follow  any  single  source,  unless  this 
is  all  he  has  available.  A  relatively  accurate 
analysis  will  be  accomplished  if  comparison  is 
made  between  satellite  data,  computer  products 
and  the  locally  prepared  manual  analysis  (assum- 
ing adequate  personnel  are  available). 

Types  of  Computer 
Products  Available 

There  are  over  500  products  currently  listed 
in  the  General  Environmental  Computer  Prod- 
ucts Catalog.  This  publication  is  published  and 
revised  periodically  by  FNWC  Monterey. 

In  some  instances  a  computer  chart  may  be 
received  which  is  completely  unfamiliar  to  the 
recipient.  By  using  the  computer  products  cata- 
log, a  description  of  the  chart  and  its  content 
can  be  obtained.  For  example,  the  GG  THETA 
ANAL  shown  in  Figure  7-6  or  the  CCAT 
ANALYSIS  shown  in  figure  7-7  might  be  re- 
ceived at  a  remote  site  without  explanation. 

The  catalog  would  reveal  that  these  charts 
were  an  Atmospheric  Fronts  Analysis  and  Clear 
Air  Turbulence  Analysis  respectively. 


Procedure  for  Product 
Application 

The  following  is  a  recommended  procedure 
for  utilizing  the  computer  products  as  described 
in  the  Computer  Products  Manual,  NavAir 
50-1G-522. 


1.  Determine  the  accuracy  of  the  **principal 
analyses"  in  and  upstream  of  the  operational 
area  of  concern. 

The  surface  pressure  and  rhe  500  mb  height 
analyses  are  the  base  upon  which  all  other 
atmospheric  analyses  are  constructed.  Figures 
7-8  and  7-9  show  examples  of  these  two 
important  charts. 

The  accuracy  of  these  '"principal  analyses" 
profoundly  affects  the  validity  of  most  meteor- 
ological and  oceanographic  prognoses  produced 
within  the  computer  program.  Before  using  any 
prognostic  chart  the  operational  forecaster 
should  satisfy  himself  that  these  principal  anal- 
yses are  reasonably  correct. 

2.  If  necessary,  modify  the  prognoses  which 
will  be  used  in  preparing  required  forecasts  by: 

a.  Correcting  for  any  errors  detected  in  the 
principal  analyses. 

b.  Correcting  for  known  weaknesses  in- 
herent in  the  prognostic  model  as  discussed 
previously  in  chapter  6  of  this  manual,  NOTE: 
The  overhead  projector  or  light  table  is  a 
valuable  aid  in  accomplishing  these  two  steps, 

3.  Interpret  relevant  analyses  and  prognoses 
for  required  meteorological  and/or  oceano- 
graphic forecasts,  correcting  for  known  local 
effects.  NOTE:  The  Local  Area  Forecasters 
Handbook,  the  experience  cf  the  forecaster,  or 
textbooks  providing  data  on  the  area  in  question 
may  all  be  brought  into  play  during  this  phase  of 
the  analysis. 

SEA  LEVEL  PRESSURE  ANALYSlS.-^The 
sea  level  pressure  analysis  was  discussed  briefly 
in  chapter  6  of  this  manual.  To  obtain  this  chart, 
computations  involving  station  pressure,  present 
weather,  visibility,  and  ceiling  are  extracted 
from  each  report.  Objective  analysis  of  station 
pressure  values  is  performed  using  the  previous 
analyses  as  described  in  chapter  6.  The  program 
output  may  either  provide  a  hemispheric  prod- 
uct as  shown  in  figure  7-8  or,  with  a  variation  in 
the  gross  error  check  and  the  analyses  used,  a 
surface  pressure  analysis  of  the  United  States 
may  be  obtained.  On  the  analysis  limited  to  the 
United  States  more  detailed  information  is 
shown.  This  includes  significant  weather  sym- 
bols and  station  flight  conditions.  For  an  illus- 
tration of  this  chart  refer  to  chapter  3  of  the 
Computer  Products  Manual,  NavAir  50-1G-522. 


erJc 


222 

228 


Chapter  7 -UPP1:R  AIR  ANALYSIS 


AG.520 


Figure  7-6.-Atmospheric  fronts  SS-hour  prognosis.  Axis  of  patterns  depicts  warm  boundary  of 
strong  lOOO  mb  temperature  gradients.  Strength  of  temperature  gradient  is  proportional  to 
number  of  isolines  surrounding  pattern  axis. 


ERIC 


223 

2Z3 


AEROGRAPHER'S  MATE  1  &  C 


Chapter  7  -UPPUR  AIR  ANALYSIS 


AG.522 

Figure  7-8.-Sea  level  pressure  analysis.  Contour  interval  4  mbs. 
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500  MB  ANALYSIS.  The  500  mb  analysis 
shown  in  figure  7-9  is  obtained  through  the 
following  procedure: 

1.  Objective  analysis  of  reported  500-mb 
heights  and  heights  extrapolated  by  the  geo- 
strophic  approximation  from  reported  500-mb 
winds  is  performed.  The  first  guess  is  obtained 
by  reanalyzing  the  12  hour  previous  500-mb 
analysis  using  all  data  collected  during  the  12 
hour  period  between  synoptic  observation  times. 
The  **update''  analysis  usually  contains  10  to  20 
percent  more  500-mb  data  than  did  the  original. 
From  the  update,  a  12  hour  500-mb  prognosis 
verifying  at  the  present  map  time  is  derived.  This 
prog  is  then  modified  for  the  12  hour  change  in 
500-  to  lOOO-mb  thickness  inferred  from  the 
present  surface  pressure  analysis.  The  prog  is 
also  adjusted  toward  climatology  in  regions 
where  the  update  analysis  was  constructed  from 
sparse  data. 

2.  Three  cycles  through  the  analysis  routine 
are  made  with  the  data.  The  first  and  second 
passes  with  data  utilize  only  the  height  values 
from  the  reports.  The  second  pass  provides 
lateral  checking  wherein  the  datum  value  must 
be  within  a  prescribed  tolerance  of  the  value 
interpolated  from  surrounding  data. 

3.  Upon  completion  of  the  second  pass,  the 
reported  winds  are  used  to  compute  geostrophic 
gradients  and  derived  height  values  at  four 
surround  points.  The  extrapolations  parallel  to 
the  wind  are  placed  1.5  mesh  lengths  from  the 
datum  and  the  normal  extrapolations  are  placed 
0.75  mesh  lengths  away.  (South  of  30N  these 
distances  are  changed  to  2.0  and  I.O  mesh 
lengths  respectively).  If  another  report  of  height 
and  wind  falls  within  this  same  area,  the 
distances  will  be  modified  so  that  the  extrapola- 
tions are  located  no  closer  than  half  the  distance 
between  the  two  stations.  In  the  case  of  aireps 
with  ro  height  values  reported,  an  interpolation 
of  the  analysis  is  used  to  provide  the  working 
height  values. 

4.  The  third  and  last  analysis  pass  is  made 
using  the  heights  and  wind  extrapolations  with 
lateral  checking  as  defined  previously.  The  final 
analysis  field  is  then  modified  where  necessary 
so  that  the  absolute  vorticity  always  exceeds 
one-third  of  the  coriolis  parameter. 


SMOOTHING  OF  FLOW 
AND  GRADIENTS 

It  should  be  kept  in  mind  that  the  atmos- 
pheric circulations  of  interest  are  of  a  relatively 
large  scale.  Consequently,  the  field  of  flow 
represented  by  the  contour  lines  should  nor- 
mally be  a  smoothly  continuous  field.  However, 
contour  gradients  are  seldom  uniform  or  con- 
stant over  large  areas.  Rather,  at  places  such  as 
near  jetstreams  and  near  fronts,  both  contour 
and  thickness  lines  in  the  lower  troposphere  are 
often  oriented  somewhat  parallel  to  these  phe- 
nomena and  their  spacing  is  considerably  closer 
than  at  other  areas. 

Small-scale  perturbations  which  are  not  appar- 
ent in  two  or  more  contours  and  which  cannot 
be  associated  with  some  surface  system  should 
usually  be  smoothed  out  of  the  700-  and 
500-mb  analyses.  On  the  other  hand,  it  is 
erroneous  to  assume  that  gradients  remain  con- 
stant over  large  areas.  Nevertheless,  unless  there 
is  definite  evidence  of  discontinuous  conditions 
or  important  small-scale  phenomena,  the  analy- 
sis should  reflect  a  uniform  progression  of  flow 
and  its  time  changes.  Such  a  smooth  analysis  will 
usually  be  more  correct  than  if  sporadic  changes 
are  indicated.  In  this  aspect,  you  should  use  the 
classical  models  of  fronts,  jetstreams,  etc.,  to  aid 
in  depicting  the  most  likely  distribution  of 
winds  and  contours  in  regions  of  sparse  data. 

For  example,  it  is  the  policy  of  the  National 
Meteorological  Center  to  smooth  out  disturb- 
ances on  surface  and  upper-level  charts  of 
wavelengths  less  than  about  8  degrees  latitude. 
This  policy  is  based  primarily  on  the  belief  that 
the  majority  of  disturbances  of  wavelengths  less 
than  8  degrees  latitude  are  fictitious  and  the 
result  of  inaccurate  observations  and  are  non- 
representative  of  the  large  scale  features. 

HISTORICAL  SEQUENCE 

Historical  sequence  is  vitally  important  to 
good  map  analysis.  Some  of  the  reasons  for  this 
have  been  pointed  out  in  a  previous  section 
titled  ^^Consideration  of  Continuity."  Conse- 
quently, one  of  the  first  steps  in  the  analysis 
should  be  to  check  the  previous  charts  for 
accuracy,  rationality,  and  any  corrections  made 
subsequent   to   the   initial   analysis.  Fronts, 
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troughs,  and  pressure  centers  do  not  normally 
appear  or  cMsappear  from  one  chart  to  another 
and  any  such  occurrence  should  be  viewed  with 
suspicion. 

The  past  positions  of  all  pressure  centers 
should  be  entered  on  tL  current  chart  foi  a 
period  of  at  least  24  hours  and  for  longer 
periods  when  practicable.  These  positions  are 
normally  entered  in  black  ink  with  an  X 
circumscribed  with  a  circle  and  connected  with  a 
dashed  line.  The  time  and  data  are  entered  above 
the  circle.  The  corrected  positions  of  all  Ironts, 
troughs,  and  ridges  should  be  transposed  on  the 
current  chart  in  yellow  pencil.  Do  not  forget  the 
short  wave  troughs.  These  trough  move  around 
and  through  long  wave  troughs  and  are  often 
important  in  the  genesis  of  fronts  and  cyciones. 

CONTOUR  ANALYSIS 

The  rules  given  in  this  section  generally  apply 
to  all  upper  level  charts.  The  analysis  of  the 
jeistream  by  isotach  analysis  is  covered  in  a  later 
section.  The  primary  intervals  of  contour  spac- 
ing are  60  and  120  meters.  The  60-meter  interval 
is  used  on  charts  from  the  surface  up  to  300  mb 
and  the  120-meter  interval  is  used  on  charts  at 
300  mb  and  above.  A  solid  black  line  is  used  to 
represent  these  primary  contours.  Intermediate 
contours  may  be  used  when  greater  definition  is 
needed:  a  30-meter  interval  is  used  with  the 
60-meter  primary  interval  and  a  60-meter  inter- 
val is  used  with  the  120-meter  primary  interval, 
hiterniediate  contours  are  represented  by  a 
dashed  black  line. 

Before  beginning  the  contour  analysis  you 
should  first  compute  heights  in  areas  of  sparse 
data,  using  the  principles  outlined  in  a  previous 
section  of  this  chapter.  Such  approximations  are 
most  reliable  over  ocean  areas.  Plot  these 
approximations  on  the  chart  and  enclose  them 
in  parenthesis. 

RULES  FOR  DRAWING  CONTOURS 
(NORTHERN  HEMISPHERE) 

Except  where  reports  are  closely  spaced,  there 
are  usually  many  different  sets  of  contours  that 
can  be  drawn  to  a  given  distribution  of  height 
reports:  however,  only  one  set  is  correct.  There- 
fore,  lines  drawn    merely  to  data  do  not 


represent  an  analysis.  A  reasonably  correct 
analysis  can  be  obtained  only  by  applying 
careful  judgement  to  all  factors  involved  in  the 
analysis.  The  following  discussion  of  rules  for 
drawing  contours  in  the  Northern  Hemisphere  is 
illustrated  by  figures 7-10  and  7-1  I. 
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Figure  7-10.-Contour  pattern  between  a  high  and 
a  low  (700-mb  heights  in  meters). 

1.  Between  adjacent  higlis  and  lows,  there 
will  never  exist  two  contours  of  the  same  value 
as  illustrated  in  figure  7-10. 

2.  Between  two  adjacent  highs  there  will 
always  be  two  contours  with  the  same  value  (A 
and  B  in  fig.  7-11). 
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Figure  7-11. -Contour  pattern  between  adjacent 
highs  and  lows  (700  mb  heights  In  meters). 

The  windflow  along  contour  A  is  opposite  to 
the  flow  around  contour  B,  and  in  sucli  a 
manner  that  a  trougli  is  formed  between  two 
highs.  Remember,  there  is  always  a  valley 
between  two  mountains.  The  configuration  of 
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contour  A  is  iiulepcnclciil  ol  the  shape  of 
contour  B.  The  height  between  A  and  B  is  less 
than  the  vahie  of  A  or  B.  but  greater  than  the 
value  of  the  next  lower  conioui.  The  region  of 
lightest  winds  usually  exists  between  A  and  B. 

3.  Between  two  adjacent  lows  there  are 
always  two  contours  of  the  same  value  iC  and  D 
in  fig.  7-11).  The  mean  windllow  along  contour 
C  is  opposite  to  the  flow  around  contour!)  and 
in  such  a  manner  that  a  ridge  is  formed  between 
two  lows.  Remember,  there  is  always  a  moun- 
tain between  two  valleys.  The  configuration  of 
contour  C  is  independent  of  the  shape  of 
contour  D.  The  height  between  C  and  D  is 
greater  than  the  value  of  C  and  D,  but  less  than 
the  value  of  the  next  highest  contour.  The 
region  of  lightest  winds  usually  exists  between  C 
and  D. 

COMMON  ERRORS  IN  ANALYSIS 

An  analyst,  especially  an  inexperienced  one, 
will  have  difficulty  drawing  contours  in  areas  of 
sparse  reports.  Figure  7-12  illustrates  some 
typical  errors  in  contour  analysis. 

SKETCHING  CONTOURS 

Contours  should  first  be  sketched  lightly, 
using  black  pencil  in  accordance  with  the  re- 
ported and  computed  heights  and  winds.  As 
stated  previously,  contours  are  parallel  to  the 
wind  direction  and  spaced  inversely  proportional 
to  the  wind  speed.  Geostrophic  wind  scales 
should  always  be  kept  near  at  hand.  These  scales 
have  been  discussed  previously  in  this  chapter 
and  in  chapters  4  and  6.  These  scales  should  be 
used  as  an  aid  in  spacing  contours,  especially  in 
areas  of  sparse  data.  Some  precautionary  rules 
should  be  kept  in  mind  when  using  these  scales. 
For  stationary  troughs  and  ridges,  cyclonically 
curved  contours  have  a  closer  spacing  of  con- 
tours for  the  same  speed  when  the  contours  are 
anticyclonic.  Too.  in  regions  of  subgradient  or 
supergradient  winds,  the  winds  blow  across 
contours.  The  contours  normally  show  a  slight 
kink  on  fronts  at  the  850-mb  level,  but  show  up 
as  troughs  above  this  level. 

The  sketched  contour  pattern  is  adjusted  lor 
reported  winds  and  maintenance  of  continuity. 
The  pencil  used  to  draw  contours  should  be 


carefully  selected  so  that  the  sketching  can  be 
cleanly  and  easily  erased.  A  medium  lead  pencil 
is  recommended. 

Contour  labels  consist  of  numbers  represent- 
ing the  whole  value  of  the  line  in  meters  for 
which  each  particular  contour  is  drawn.  For 
example,   the   3060  meter  contour  on  the 
700-mb  chart  would  be  labeled  306,  dropping 
the  tens  digit.  An  open  contour  is  labeled  at 
both  ends;  a  closed  contour  should  be  broken  at 
one  convenient  spot  to  permit  entry  of  the  label, 
usually  at  the  northernmost  position  of  the 
particular  contour  line.  The  labels  for  a  series  of 
closed  concentric  contours  should  be  arranged 
to  form  an  easily  read  line  of  numbers  running 
from  low  to  high  contour  values.  All  contour 
labels  should  be  of  uniform  size,  their  bases 
should  be  parallel  to  the  adjacent  circles  of 
latitude,  and  they  should  be  in  the  same  color 
and  with  the  same  pencil  used  to  draw  the 
contour  lines.  Labels  should  be  neatly  printed. 

In  sketching  preliminary  contours,  do  not  try 
to  manipulate  the  pencil  with  just  your  fingers, 
but  make  smooth  sweeping  lines,  bringing  your 
entire  arm  into  motion.  Have  your  hand  in  such 
a  position  that  it  does  not  obstruct  the  view  of 
the  reports  with  which  you  are  immediately 
concerned.  Keep  your  eyes  just  ahead  of  the 
pencil,  thereby  determining  the  points  through 
which  your  contour  should  pass.  This  will  enable 
you  to  anticipate  changes  in  direction  which  the 
contour  should  lake  so  that  these  changes  may 
be  smooth  rather  than  abrupt. 

All  contours  are  continuous  lines,  closing 
either  within  the  limits  of  a  particular  chart  or 
beyond  the  margin  of  the  chart  being  drawn.  In 
no  cases  do  contours  cross  other  contour  lines, 
join  contour  lines  of  different  values,  or  become 

broken,  . 

Wind  direction  and  wind  speed  are  of  primary 
importance  in  drawing  contour  lines.  Each  con- 
tour line  should  be  drawn  parallel  to  nearby 
winds  whose  speeds  are  10  knots  or  greater. 
While  constructing  the  contour  pattern,  the 
analyst  should  continually  strive  to  represent  the 
wind  field  accurately. 

Allowance  must  also  be  made  for  the  possibil- 
ity of  errors  in  the  data  when  drawing  contours. 
The  experienced  analyst  must  constantly  bear  in 
mind  the  factors  which  contribute  to  the  variety 
of  errors,  in  general,  it  is  proper  to  neglect 
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Figure  7-12.-Common  errors  in  contour  analysis  {700-mb  chart). 


AG.526 


unusual  departures  from  the  overall  height  distri- 
bution and  draw  each  contour  as  a  smooth 
curve,  omitting  irregularities  that  would  exist  if 


ERLC 


the  contours  were  drawn  to  the  absolute  value 
of  each  individual  height  value  reported.  Nor- 
mally,  however,   the   lines  should  not  be 
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smoothed  if  the  nregulaiilios  are  iiulicaled  by 
two  or  more  adjacent  cuiilouri>.  When  reports 
are  sparse*  however*  no  report  should  be  disre- 
garded unless  thoroughly  checked. 

Application  of  Sntellite 
Cloud  Photographs 

The  nppHcation  of  snlelhle  cloud  photographs 
to  the  analysis  of  contours  is  somewhat  limited 
and  dependent  to  a  conc^iderable  degree  upon 
the  experience  of  the  analyst.  However,  there 
are  certain  aspects  which  are  helpful.  Foi  exam- 
ple* the  orientiUion  of  troughs  and  ridges  may  be 
verified  by  the  existence  of  certain  cloud  fea- 
tures. Figures  7-4  and  7-5  diuslraled  to  some 
degree  i«ie  contour  pattern  vs  satellite  presenta- 
tion about  a  cutoff  low. 


Figure  7-13  depicts  an  HRIR  picture  of  a 
frontal  band  and  associated  300-nib  short  wave 
trough  in  the  eastern  Pacific.  Here  tl*  *iighest 
clouds,  which  radiated  at  the  coldest  tempera- 
ture* appear  the  whitest*  and  the  lower  warmer 
clouds  appear  dark  gray.  In  this  case,  the  high 
bright  clouds  begin  abruptly  at  0,  just  east  of  the 
point  where  the  300  millibar  trough  (dashed 
line)  intersects  the  frontal  band. 

To  the  west  of  the  trough  line,  the  frontal 
band  (Q)  appears  dark  gray:  here  the  frontal 
clouds  are  warmer  and  lower  than  the  clouds 
east  of  the  trough.  The  darkest  areas,  (P) 
correspond  to  clear  sky  views  of  the  warm 
waters  of  the  Pacific  Ocean.  The  contour  gradi- 
ent is  indicated  to  some  degree  by  the  spacing  of 
the  cloud  features. 
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Figure  7-13.--Evidence  of  an  upper  level  trough  and  associated  contour  pattern 
in  HRIR  data  and  accompanying  300-mb  analysis. 
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The  position  of  an  upper  level  ridge  and 
associated  contour  pattern  are  illustrated  in 
figure  7-14. 
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Figure  7.14.-500.mb  flow  pattern  superimposed  on 
AVCS  satellite  photograph  showing  the  position  of  an 
upper  level  ridge. 

The  accuracy  with  which  the  position  of  a 
ridge  line  can  be  located  is  strongly  affected  by 
the  amplitude  of  the  ridge,  and  its  wind  field, 
which  determine  the  associated  cloud  structure! 
If  the  upper  level  ridge  has  sharp  anticyclonic 
curvature,  the  multilayered  frontal  clouds  dissi- 
pate rapidly  in  the  area  of  subsidence  down- 
stream from  the  point  where  the  upper  level 
flow  has  its  maximum  anticyclonic  curvature. 
Notice  that  in  figure  7-14  the  eastern  edge  of  the 
frontal  cloudiness  ends  abruptly  at  the  500-mb 
ridge.  The  solid  lines  show  the  500-mb  flow 
pattern.  If  the  wind  is  very  strong  or  the 
anticyclonic  curvature  of  the  upper  level  ridge  is 
quite  gradual,  the  multilayered  clouds  are  more 
diffuse  in  appearance  east  of  the  ridge.  Under 


either  of  these  conditions,  the  position  of  the 
upper  level  ridge  is  less  clearly  defined  by  the 
clouds. 

APPLICATION  OF 
COMPUTER  PRODUCTS 

The  application  of  computer  products  to 
contour  analysis  has  been  found  to  be  of  such 
value  that  in  the  majority  of  instances  the 
computer  product  is  used  in  place  of  the  hand 
drawn  analysis.  However,  as  mentioned  earlier  in 
this  chapter,  an  understanding  of  the  concepts 
utilized  in  the  hand  drawn  analysis  will  enhance 
the  analyst's  or  forecaster's  ability  to  utilize  the 
computer  product. 

Given  correct  data  in  sufficient  density  the 
computer  performs  analyses  with  an  accuracy 
exceeding  that  of  the  instruments  used  to 
measure  the  elements  being  analyzed.  Computa- 
tion of  winds  or  pressure-height  values  using  the 
geostrophic  wind  equation  is  performed  wher- 
ever desirable.  The  computer  is  capable  of 
handling  complex  interactions  with  ease  and 
eliminating  unreasonable  noise  and  stability 
values.  Continuity  in  space  and  time  is  main- 
tained to  a  degree  beyond  the  capability  of  hand 
methods.  The  computer  is  wholly  objective,  and 
eliminates  individual  differences  in  the  analysis. 
If  the  program  and  the  data  are  correct,  the 
computer  product  will  be  correct. 

The  recommended  procedure  for  applying  the 
computer  product  to  the  hand  drawn  analysis 
was  presented  earlier  in  this  chapter. 

There  are  many  computer  charts  available  to 
assist  in  the  location  of  ridge  and  trough  lines. 
These  charts  are  listed  in  the  Computer  Products 
Manual,  NavAir  50-1G-522.  The  procedures  to 
be  lollowed  and  considerations  to  be  made  in 
their  application  were  mentioned  in  chapter  6 
when  discussing  surface  analysis  and  earlier  in 
this  chapter  when  discussing  hand  drawn  upper 
air  analysis.  Computer  prognoses  are  excellent 
aids  for  determining  future  movement  of  these 
features  and  will  be  discussed  in  chapter  8  of 
this  manual. 

FINISHING  CHART 

Finally,  after  a  reasonably  accurate  contour 
pattern    has    been    analyzed,    taking  into 
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consideration  the  Tactors  mentioned  above,  the 
sketched  contours  should  be  erased  and  smooth 
flowing  lines,  except  where  noted  above,  drawn 
on  the  chart.  Then  the  contour  labels  should  be 
placed  in  their  final  form  in  accordance  with  pre- 
vious instructions.  The  troughs,  ridges,  highs,  and 
lows  should  be  indicated  by  the  appropriate 
symbols. 

CONTOURS  IN  RELATION 
TO  PRESSURE  SYSTEMS 

As  pointed  out  in  chapter  4  of  this  training 
manual,  the  most  common  upper  air  pattern 
consists  of  alternate  troughs  and  ridges,  with 
occasional  closed  lows  in  the  troughs  and  closed 
highs  in  the  ridges.  This  is  illustrated  in  figure 
7-15. 
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Figure  7'15.-Common  upper  air  patterns. 

These  troughs  and  ridges  form  a  series  of 
waves  which  encircle  each  hemisphere  with  lows 
normally  placed  poleward  and  highs  equator- 
ward.  These  lows  and  troughs  are  generally 
associated  with  cyclones  at  lower  levels,  sea  level 
in  particular. 

Similarly,  ridges  and  highs  often  reflect  the 
vertical  extent  of  surface  anticyclones.  (See  fig. 
7-16.)  Note  that  the  axes  of  the  systems  shown 
in  figure  7-16  are  not  vertical;  the  axis  of  the 
cyclone  or  trough  always  slopes  upward  toward 
colder  air  (usually  westward  and  poleward)  and 
the  axis  of  the  anticyclone  or  ridge  always  slopes 
toward  the  warmest  air  (usually  westward  and 
equatorward).  These  spatial  relations  are  an 
absolute  requirement  for  the  proper 
3-dimensionaI  representation  of  pressure 
systems. 
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Figure  7-16.-Slope  of  surface  pressure 
systems  with  height. 

Other  closed  lows  sometimes  appear  on  upper 
air  charts  and  work  down  to  the  surface.  These 
systems  have  relatively  cold  cores  and  are  called 
cold  core  lows.  High  level  anticyclones  not 
associated  with  surface  highs  are  much  rarer  and 
never  attain  an  intensity  comparable  to  that  of 
cold  lows. 

CONTOURS  IN  RELATION  TO  FRONTS 

Except  on  the  1,000-mb  chart  and  along  cold 
fronts  on  the  850-mb  chart,  contours  kink  only 
slightly  or  not  at  all,  in  crossing  fronts.  Above 
700  mb,  fronts  are  usually  omitted  from  the 
analysis.  It  is  unusual  to  find  the  upper  portions 
of  fronts  above  850  mb  located  along  upper 
trough  lines,  except  for  very  short  periods  of 
time.  Usually  the  upper  portions  of  cold  fronts 
are  located  somewhere  in  advance  of  the  upper 
trough,  with  veiy  slight  shifts  of  wind  across  the 
frontal  zone  and  almost  impreceptible  kinks  in 
the  contours.  The  major  wind  shifts  and  contour 
troughs  occur  in  the  rear  of  the  upper  portion  of 
the  frontal  surface.  When  upper  portions  of  cold 
fronts  are  found  along  these  upper  trough  lines, 
the  fronts  are  at  maximum  intensity.  Usually, 
the  upper  trougli  moves  much  more  slowly  than 
the  wind,  and  since  the  cold  front  moves  with 
the  wind  speed,  except  for  the  slowing  effect  of 
subsidence  in  the  cold  mass,  the  front  usually 
outstrips  the  trough  until  it  reaches  the  south- 
west now  in  advance  of  the  trough,  where  its 
eastward  movement  slows  down. 

Upper  portions  of  warm  fronts  are  seldom 
ever  associated  with  troughs  or  perceptible 
cyclonic  kinks  in  the  contours  of  the  constant 
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pressure  surfaces  above  800  nib,  assuming  the 
ground  is  near  sea  level.  Above  about  700  nib 
the  warm  front  intersection  is  usually  found 
near  the  ridge  line.  Not  only  are  there  no 
apparent  cyclonic  kinks  in  the  contours  crossing 
the  frontal  zones,  but  frequently,  contour  curva- 
tures and  wind  shifts  appear  anticyclonic.  At 
700  mb  the  anticyclonic  curvature  is  the  rule 
rather  than  the  exception.  At  700  nib  and 
above,  no  attempt  should  be  made  to  kink  the 
contours  across  upper  portions  of  fronts  which 
have  been  found  in  the  frontal  analysis. 

ANALYSIS  OF  SPECIFIC  FEATURES 
ISOTHERM  AND  FRONTAL  ANALYSIS 
Drawing  Isotherms 

Isotherms  (lines  of  equal  temperature)  are 
usually  drawn  at  intervals  of  5""  C.  They  are 
drawn  as  solid  red  lines.  Isotherms  should  be 
sketched  in  according  to  reported  temperatures, 
using  past  isotherm  positions  as  a  guide.  Along 
with  wind  and  pressure,  isotherms  on  the  con- 
stant pressure  charts  yield  clues  as  to  the  exact 
state  of  the  atmosphere  at  the  present  time  and 
aids  in  the  construction  of  prognostic  charts. 

After  sketching  the  isotherms  and  checking 
their  consistency,  the  isotherms  should  be  drawn 
in  as  smooth  solid  red  lines,  heavy  enough  to  be 
easily  legible,  but  not  so  heavy  that  they  detract 
from  the  contours.  Label  the  isotherms  near  the 
edge  of  the  chart.  For  those  which  form  closed 
curves,  leave  a  small  break  in  the  curve  near  the 
top  of  the  curve  for  labeling. 

Isotherm  Patterns 

Isotherm  patterns  at  lower  levels  usually 
consist  of  tongues  of  warm  and  cold  air  that 
move  across  the  map  with  reasonable  continuity 
from  day  to  day.  There  is  a  correlation  between 
the  movement  of  the  isotherm  pattern  and  the 
circulation,  and  between  the  form  of  the  iso- 
therm pattern  and  the  distribution  of  contours. 
\yarm  tongues  generally  tend  to  coincide  with 
ridges  and  cold  tongues  with  troughs,  particu- 
larly at  higher  levels,  such  as  500  mb  and  above, 
but  this  is  only  true  as  a  first  approximation.  It 
is  actually  the  departures  from  this  relationship 


that  are  most  important,  and  these,  can  be 
determined  only  by  making  full  use  of  all 
available  data  and  by  having  a  knowledge  of  the 
picture  normally  to  be  expected  in  'a  given 
situation. 

The  isotherms  must  be  reasonable  dynami- 
cally and  kineniatically.  Kineniatically,  the  iso- 
therms should  move  with  the  wind  if  the  air 
parcels  conserve  their  temperature.  Usually  iso- 
therms move  somewhat  more  slowly  than  the 
wind  speed,  depending  upon  the  amount  of 
vertical  motion  and  the  amount  of  heating  or 
cooling. 

Dynamically,  the  warm  tongues  in  the  tropo- 
sphere are  related  to  pressure  ridges,  due  to 
sinking  and  adiabatic  warming  resulting  from 
high-level  convergence.  If  the  ridge  attains  suffi- 
cient amplitude,  the  northern  end  may  be  cut 
off  into  a  separate  high  cell  at  upper  levels.  This 
results  in  a  cutoff  high.  Upper-level  convergence 
also  cai^ses  ascent  of  air  and  cooling  in  the  lower 
stratosphere  at  the  300-,  200-,  and  100-mb  levels 
and  above.  Thus,  the  building  of  an  anticyclone 
aloft  is  characterized  by  an  increasing  warm 
tongue  in  the  troposphere  and  an  increasing  cold 
tongue  in  the  lower  stratosphere. 

Cold  tongues  are  related  to  pressure  troughs 
in  the  upper  troposphere,  due  to  upper-level 
divergence,  resulting  in  ascent  of  air  in  the  lower 
and  middle  troposphere,  with  adiabatic  cooling. 
An  additional  consequence  of  divergence  in  the 
upper  troposphere  is  sinking  in  the  lower  strato- 
sphere accompanied  by  adiabatic  warming. 
Deepening  of  a  low  aloft  tends  to  be  associated 
with  an  intensifying  cold  tongue  in  the  tropo- 
sphere. This  is  illustrated  in  some  cases  of  cold 
lows  aloft  where  the  isotherms  are  parallel  to  the 
contours  and  no  advection  is  indicated.  As 
further  deepening  occurs,  the  isotherms  around 
the  cold  core  are  seen  to  move  radially  outward, 
across  the  wind,  due  to  dynamic  cooling. 

Movement  of  Isotherms 

In  regions  of  sparse  data  an  estimate  of  the 
current  contour  pattern,  based  on  the  pre\ious 
temperature  field  and  circulation  integrated  with 
the  latest  surface  pressure  pattern,  aids  greatly  in 
determining  the  most  nearly  correct  pattern 
aloft.  This  is  substantially  the  procedure  involved 
in  graphical  addition  of  thickness  patterns  to 
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lower-level  contour  patterns  to  produce  con- 
sistent upper-level  contour  patterns.  Temper- 
atures at  selected  points  are  frequently  used  in 
the  computation  of  heights  at  various  upper 
levels,  instead  of  using  the  differe'..ial  method, 
although  the  latter  is  used  by  some  analysts. 

Keeping  this  first  approximation  in  mind  as 
the  isotherms  are  drawn,  the  Aerographer's  Mate 
finds  that  even  in  regions  of  scarce  data,  much 
of  the  departure  from  this  relationship  becomes 
evident  from  the  data.  But,  where  data  are 
scarce,  it  is  necessary  to  examine  further  evi- 
dence. In  this  respect,  certain  conditions  must 
be  considered,  and  these  are  discussed  in  some 
detail  in  succeeding  paragraphs. 

It  is  important  to  note  that  a  continuous  rise 
of  temperature  cannot  always  be  distinguished 
from  a  case  where  the  temperature  was  rising 
during  most  of  the  period  between  reports,  and 
then  began  to  fall  shortly  before  the  time  of  the 
current  report.  Similar  reasoning  would  apply  to 
the  passage  of  a  cold  tongue  with  opposite 
temperature  changes  being  observed. 

Where  there  is  a  change  of  wind  with  height, 
the  isotherm  pattem  is  oriented  to  conform  to 
the  shear  vector  and  the  spacing  of  the  isotherms 
is  made  to  conform  with  the  magnitude  of  the 
shear  vector.  Over  land,  where  there  is  a  dense 
network,  wind  shear  is  not  used  explicitly  in  the 
determination  of  the  isotherms.  Over  the  oceans 
computed  shear  vectors  are  of  considerable  value 
in  drawing  isotherms.  Speeds  of  less  than  10 
knots  may  not  be  significant,  bu(  when  the  shear 
vector  exceeds  this  value,  it  is  of  particular  use 
in  isotherm  analysis. 

The  assumption  that  isotherms  in  constant 
pressure  surfaces  at  the  middle  of  an  isobaric 
layer  are  closely  similar  to  the  mean  isotherms 
(thickness  lines)  of  the  layer  is  borne  out  by  a 
comparison  of  the  850-mb  isotherms  with  the 
mean  isotherms  of  the  1,000-  to  700-mb  layer, 
and  by  comparing  the  700-mb  isotherms  with 
the  mean  isotherms  of  the  1,000-  to  500-mb 
layer.  The  700-mb  isotherms  constitute  a  good 
advection  chart  for  the  layer  from  1,000  to  500 
mb. 

Also  see  chapter  10  of  this  training  manual 
for  additional  information  on  movement  of  the 
850-mb  isotherms. 

The  thermal  winds  and  reported  temperatures 
are  not  the  only  guide  to  drawing  isotherms  on 
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upper-level  charts.  Reasonable  continuity  in 
time  from  chart  to  chart  and  a  reasonable 
consistency  between  the  various  levels  for  the 
same  time  are  sought  at  all  times.  It  is  important 
in  regions  of  scarce  data  that  the  surface  chart 
be  examined  carefully  in  order  that  the  main 
features  of  the  upper-level  isothermal  pattern 
will  be  consistent  within  reasonable  limits  with 
what  is  expected  from  the  sea  level  pressure 
distribution  and  frontal  systems. 

After  the  isotherm  analysis  is  completed,  the 
movement  and  development  of  the  t  nperature 
pattem  should  explain  the  temperature  changes 
reported  at  individual  stations.  The  temperature 
changes  at  any  station  can  be  explained  as  the 
result  of; 

1,  Advection, 

2,  Changes  due  to  the  addition  or  subtraction 
of  heat,  and  adiabatic  changes  due  to  lifting  or 
subsidence. 

Isothe'-ms  generally  move  with  a  speed  some- 
what lesi,  than  the  wind  speed.  Two  of  the  main 
reasons  are; 

1.  As  warm  air  moves  toward  a  cold  region,  it 
tends  to  be  cooled;  cold  air  moving  toward 
warm  regions  tends  to  be  warmed.  When  cold  air 
moves  across  a  warm  sea  surface,  this  retardation 
may  be  as  great  as  50  percent;  aud  in  the  special 
instance  of  Arctic  or  polar  air  from  Labrador 
moving  southeast  over  the  warm  ocean  currents, 
this  retardation  may  exceed  50  percent.  Both  of 
these  types  of  advection  retard  the  movement  of 
isotherms,  but  in  the  case  of  cold  air  moving 
over  a  warm  surface,  the  resultant  instability 
which  develops  produces  an  even  greater  effect 
on  the  retardation  at  upper  levels. 

2.  Cold  air  spreading  southward  over  warmer 
regions  tends  to  subside,  which  results  in  warm- 
ing; warm  air  moving  over  a  cold  region  tends  to 
be  lifted,  which  results  in  cooling.  This  latter 
factor  is  the  more  important  one,  especially  at 
the  intermediate  levels  aloft.  Both  factors  work 
against  the  advection  of  isotherms  with  the 
speed  of  the  wind. 

Fronti  Analysis 

The  principal  reason  for  the  importance  of 
temperature  analysis,  especially  in  the  vicinity  of 
fronts,  is  Ihnt  the  vertical  variation  of  the 
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geostrophic  wind  al  any  point  in  the  atmosphere 
is  cleterniined  by  the  Icnipenitiire  field  at  that 
point:  hence,  in  the  free  atmosphere  the  vertical 
shear  of  actual  wind  is  largely  controlled  by  the 
temperature  field.  Thus,  in  areas  where  no 
temperature  data  are  avaihible,  temperature  anal- 
ysis can  still  be  carried  out,  provided  the 
variation  of  wind  with  height  is  known.  For  the 
Northern  Hemisphere,  the  basic  relations  can  be 
summarized  as  follows: 

1.  If  the  wind  increases  (decreases)  in  speed 
with  increasing  height,  but  does  not  change  its 
direction,  contours  and  isotherms  are  parallel, 
with  cold  air  to  the  left  (right)  facinu  down- 
stream. 

2.  If  neither  the  wind  speed  nor  direction 
change  with  height  the  air  is  thermally  homoge- 
neous. 

3.  If  the  wind  veers  (backs)  with  increasing 
height,  the  isotherms  cross  the  contours  in  such 
a  way  that  advection  of  warmer  (colder)  air 
takes  place. 

Temperature  is  generally  regarded  as  repre- 
sentative in  the  free  atmosphere  where  it  is 
rehitively  unaffected  by  many  local  factors 
which  affect  surface  temperature.  This  makes 
temperature  analysis  at  850  and  700  mb  an 
important  adjunct  to  surface  analysis  as  an  aid  in 
determining  tlie  representativeness  of  the  surface 
temperature  and  in  determining  the  location  and 
vertical  extent  of  fronts. 

The  front*'!  patterns  expected  aloft  are  dis- 
cussed in  chapter  5  of  this  training  manual.  In 
the  case  of  wave  cyclones,  the  frontal  pattern 
aloft  is  roughly  parallel  to  that  of  the  surface 
wave  and  displaced  from  it  in  the  direction  of 
the  colder  air.  In  the  absence  of  actual  data  on 
the  upper  air  chart,  this  displacement  should  be 
consistent  with  the  height  of  the  chart  and  the 
slope  of  the  front. 

Frontal  analysis  is  u.sually  not  carried  above 
the  700-mb  level.  On  charts  which  do  not  carry 
frontal  analysis,  isotherms  are  continuous  lines. 
On  charts  on  which  frontal  analysis  is  depicted, 
some  of  the  isotherms  in  the  vicinity  of  the 
front  may  be  discontinuous.  Isotherms  are  gen- 
erally parallel  to  the  front  with  the  tightest 
packing  in  the  cold  air  behind  the  front.  (See  fig 
7-17.) 


Isotherms  can  assume  other  patterns  in  rela- 
tion to  fronts,  indicating  the  relative  strength  of 
the  front.  The  weaker  the  packing  or  gradient  in 
the  colder  air,  the  weaker  is  the  front  and  the 
greater  is  the  probability  the  front  has  a  shallow 
slope.  Isotherms  perpendicular  to  the  front 
indicate  little  air  mass  contrast  and  consequently 
a  weak  front. 

You  should  first  sketch  in  fronts  using  the 
thermal  gradient,  wind  shift,  and  tentative  sur- 
face frontal  positions  as  guides.  Of  these  three, 
thermal  gradient  is  by  far  the  most  important. 
Surface  frontal  and  upper  level  frontal  analysis 
must  always  be  consistent  and  therefore  should 
never  be  made  independent  of  each  other.  Data 
at  both  levels  should  be  considered  in  locating 
fronts  at  both  levels.  Raobs  plotted  on  a 
thermodynamic  diagram  are  one  of  the  best  aids 
in  locating  frontal  positions  aloft.  (See  chapter  5 
of  this  training  manual.) 

The  consistency  of  current  frontal  positions 
with  past  positions  should  be  checked  and  then 
colored  in. 

APPLICATION  OF  SATEI^ 
LITE  CLOUD  PHOTOGRAPHS 

Among  the  most  significant  contributions  the 
satellite  has  made  to  meteorolgoy  has  been  its 
application  in  the  identification,  positioning, 
and  prognosis  of  frontal  systems.  Some  informa- 
tion pertaining  to  the  utilization  of  satellite 
pictures  during  surface  analysis  as  an  aid  in  the 
positioning  and  identification  of  fronts  was 
presented  in  chapter  6  of  this  manual.  The  same 
general  considerations  apply  when  analyzing 
upper  air  charts. 

An  additional  factor  to  consider  when  analyz- 
ing an  upper  air  chart  is  the  displacement  and 
slope  of  frontal  systems  with  altitude.  Although 
above  700  mb  the  fronts  are  normally  indicated 
as  troughs,  the  displacement  of  these  systems 
must  be  considered  at  all  levels. 

Earlier  in  the  chapter  we  mentioned  certain 
characteristics  of  frontal  cloud  bands  which 
provide  information  helpful  in  the  positioning  of 
upper  level  troughs.  (See  fig.  7-18.)  Examination 
of  numerou.s  satellite  pictures  has  revealed  that 
the  appearance  of  a  frontal  band  changes  ab- 
niptly  where  it  is  intersected  by  the  500-mb 
trough  line.  In  figure  7-18  the  dashed  line 
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AG.531 

Figure  7-17.-lsotherm  packing  at  a  warm  and  cold  front  aloft. 


indicates  the  position  of  the  upper  level  trough 
Hne. 

The  frontal  clouds  east  of  the  trough  appear 
much  brighter  and  the  band  is  broader  due  to 
upward  motioii  in  the  southwesterly  flow  aloft. 
To  the  west  of  the  trough  line  in  the  region  of 
subsiding  air.  the  clouds  tend  to  dissipate,  the 
front  appears  more  ragged,  and  there  are  several 
cloud-free  areas  within  the  frontal  band. 

Vortices 

Cyclonic  disturbances  produce  a  variety  of 
spiral  cloud  patterns,  some  of  which  are  de- 
tached and  in  some  cases  disassociated  from 
frontal  systenL>.  Fortunately  these  patterns  are 
not  difficult  to  recognize  in  satellite  pictures. 

CUTOFF  LOWS.  -Vortices  associated  with 
upper-level  cutoff  low.s  display  a  variety  of 
patterns,  but  in  the  fully-developed  state  nor- 
mally cover  an  area  about  10-15  degrees  of 
latitude  m  diameter.  The  vortex  usually  consists 
of  several  narrow  cloud  lines  rather  than  the 


single  band  normally  seen  in  extratropical  cy- 
clones. (See  fig.  7-5.)  Since  the  IR  mode 
represents  cloud  top  temperature  rather  than 
brightness,  it  shows  more  cloud  height  detail 
than  the  AVCS  or  daylight  mode.  (See  fig.  7-4.) 

The  formation  and  development  of  cutoff 
lows  is  often  strikingly  apparent  from  the 
satellite  data  in  two  general  ways: 

1.  When  a  frontal  band  separates  in  advance 
of  a  moving  500-mb  trough,  the  equatorward 
portion  of  the  upper-level  trough  has  cut  off, 
and  a  closed  500-mb  low  is  forming  along  the 
upstream  edge  of  the  isolated  cloud  mass. 

2.  When  lines  of  cumulus  congestus  cells 
(open)  are  observed  to  form  cyclonically  curved 
lines  downstream  from  an  approaching  frontal 
band,  an  upper-level  cyclone  is  usually  forming 
ahead  of  the  front  as  illustrated  in  figure  7-19. 

In  either  of  the  preceding  cases,  the  location 
of  tlie  upper-level  center  may  be  determined  by 
examining  the  overall  cloud  pattern  in  the  IR 
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Figure  7-18.-Change  in  frontal  clouds  v 

picture.  Unless  a  distinct  center  appears  in 
low-level  cloudiness,  the  forecaster  cannot  deter- 
mine whether  or  not  a  closed  circulation  exists 
at  the  surface. 

LOW-LEVEL  CLOUD  PATTERNS. -Low- 
level  cloud  patterns  frequently  encountered  in 
the  IR  are  low-level  vortices  and  fields  of  stratus 
or  stratocuinulus. 

The  centers  of  low-Icvel  cloud  vortices  arc 
difficult  to  locate  in  the  IR  picture,  due  to  the 
fact  that  there  is  little  temperature  contrast 
between  low  cloud  tops  and  the  earth  ocean 
surface.  (See  fig.  6-15.)  Centers  may  be  espe- 
cially hard  to  identify  with  the  older  APT 
receivers,  or  in  dissipating  cloud  systems.  In 
most  cases,  it  may  be  possible  only  to  approxi- 
mate the  geometric  center  of  the  entire  cloud 
pattern.  The  centers  of  weak  low-Ievel  cyclones 
may  be  located  with  more  confidence  in  the 
visual  data  than  in  the  IR. 


AG.532 

I  an  upper  level  trough  Intersects  a  front. 

Cells  (closed)  appear  as  rather  flat  gray;  cells 
(open)  appear  as  a  field  of  mottled  gray  which 
has  white  elements  if  cumulus  congestus  clouds 
are  present.  It  is  often  difficult  to  distinguish 
between  cells  (closed)  and  stratus  due  to  the 
coarse  resolution  of  the  IR  and  small  tempera- 
ture contrast  with  the  surface.  The  overall 
pattern  and  geographic  location  may  be  used  as 
guides.  (See  fig.  6-12.) 

APPLICATION  OF 
COMPUTER  PRODUCTS 

When  utilizing  computer  products  for  frontal 
analysis  on  upper  air  charts,  the  same  procedures 
presented  earlier  in  this  chapter,  and  in  chapter 
6  of  this  manual,  should  be  followed.  Among 
the  more  useful  computer  charts  for  determining 
frontal  position  and  intensity  is  theGGTHETA 
chart. 
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Figure  7-19.— Formation  of  500*mb  cutoff  low 
ahead  of  a  front. 

GG  THETA  Chart 

The  GG  THETA  chart  is  a  frontal  analysis  and 
prognosis  arrived  at  by  niatheniatically  identify- 
ing and  analyzing  the  direction  and  magnitude 
of  discontinuities  in  gradient  within  the  temper- 
ature field.  The  chart  is  a  hemispheric  product 
involving  calculated  thicknesses  between  the  700 
and  LOOO  mb  levels  converted  to  mean  potential 
temperature,  (See  fig.  7-6.) 

Use  of  the  GG  THETA  Chart 

When  using  the  GG  TilETA  it  must  be 
remembered  that  the  lines  on  the  chart  represent 
the  rate  of  change  of  potential  temperature 
gradient.  The  packing  of  lines  (increase  in  rate  of 
change)  may  not  alwavs  be  the  result  of  a  front. 
Some  of  thchc  exccptrons  will  be  presented  in 
later  paragraphs.  One  means  of  checking  the 
existence  of  a  front  in  the  area  is  to  overlay  the 
GG  THHTA  chart  with  the  surface  chart.  U\ 
however,  a  front  is  determined  to  exist,  it  can  be 
reasoned  that  the  more  lines  you  have  in  a 
particular  area,  the  stronger  the  contrast  will  be 
between  the  two  air  masses,  hence,  the  more 
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intense  the  front  will  be.  For  example,  if  two 
consecutive  GG  THETA  charts  show  an  increase 
in  the  number  of  lines  in  a  given  frontal  area, 
this  would  indicate  inten,sirication  of  the  front, 
GG  patterns  are  very  useful  in  determining 
the  location  of  surface  fronts  in  regions  of 
reasonably  dense  upper  air  observations.  Areas 
of  frontogenesis  or  frontolysis  will  generally  be 
depicted  by  the  GG  THETA  well  before  any 
indication  in  the  synoptic  data. 

The  following  paragraphs  present  a  number  of 
conditions  under  which  difficulties  might  arise 
and  extreme  care  should  be  exercised  in  the 
identification  of  fronts  on  the  GG  THETA 
chart. 

1.  Occlusions  may  not  be  depicted  due  to  the 
lack  of  strong  horizontal  thermal  gradient  in  the 
lower  levels,  and  becau,se  the  thermal  gradient  is 
not  perpendicular  to  the  occluded  front. 

2.  If  a  polar  high  is  shallow  and  only  extends 
to  around  850  nibs  the  front  preceding  it  may 
not  be  evident  on  the  GG  THETA  because  this 
chart  is  derived  from  the  1,000  to  700  mb  layer. 

3.  The  GG  THETA  may  present  difficulties 
in  identification  of  frontal  zones  or  the  determi- 
nation of  frontal  intensification  when  two  fronts 
are  in  close  proximity,  as  when  one  front 
approaches  another.  In  some  cases  one  front 
may  be  absorbed  by  the  other.  Since  all  /ones 
indicated  on  the  GG  THETA  over  land  areas  are 
not  necessarily  fronts,  distinguishing  of  the  true 
front  may  be  hindered  by  the  addition  of  a  zone 
caused  by  topography,  land  vs  water,  etc. 

In  the  winter,  over  Asia  in  particular,  where 
cold  pockets  of  air  are  trapped  in  the  lower 
levels,  it  will  be  indicated  on  the  GG  THETA  as 
an  area  of  sharp  thermal  contrast.  Of  course  the 
indicated  frontal  zone  is  in  actuality  the  moun- 
tain barriers  that  have  pocketed  the  cold  air. 
Also  in  the  summer,  the  thermal  low  found  over 
Mexico  will  indicate  a  frontal  zone  on  the  GG 
THETA  but  close  inspection  b>  the  analyst  or 
forecaster  will  normally  reveal  no  frontal  type 
weather. 

4.  The  use  of  the  GG  THETA  over  extensive 
water  areas  should  be  carefully  evaluated.  Just  as 
with  other  types  of  charts,  the  number  of 
surface  and  upper  air  reports  available,  their 
accuracy,  and  whether  the  reports  were  repre- 
sentative niu^t  be  considered.  If  a  front  exists, 
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sh  Uikl  he  |KKknu»  of  the  isotherins  indi- 
.'/t»  »;»  the  S^muh  diart.  In  acklitioiu  the  500- 

t  '  n(^''nib  thickiicsii  analysis  sliouk!  sliow  a 
^ruviilViiion  of  thickness  hues  in  areas  of 

pcws![>k*  frontal  location, 

Vr(;\lhNTlNG  DATA 

lxihov»«ulc  reports  may  be  used  to  further 

♦  i  I'  'v  :  4  Ironial  analysis.  As  mentioned  previ- 
>  »slv,  ilio  toiuputer  will  not  draw  in  fronts. 

»  the  a)mpmer  will  not  kink  isobars  or 

'i'»Mis  unless  adjacent  leports  are  near  enough 
j.llK  i  lo  indicalo  a  kink.  Observing  wind  shift 
'  (  f'lpcrature  change  on  radiosonde  reports 
.11  A  .11  pmpouit  accuracy  on  frontal  location. 

I  X'  I  the  Iniernational  Aualysis  Code(IAC) 
'  :  iualvc  n  possible  for  comparison  of  your 
i  iilvMs  vwth  the  analysis  of  another  individual, 

Ki»\  allowing  you  to  take  (he  better  parts  of 
'  •>lh  aujK  scs 

lUOCKS 

I  \p.Micnte  has  shown  that  about  one-third  of 
111  '  tune  ihc  distortion  of  the  westerlies  is  so 
iiiCAi  that  Ihc  rules  covered  in  chapter  4  on 
'  -  t!  uul  meridional  flow  patterns  are  totally 
"  ii^nji  ahio.  A  condition  that  exists  at  intervals 
'  '  »  »AM  as  the  blocking  s  tuation  (also  called 
Ml"  vUUMI  high).  I ypes  of  t  locks  are  discussed 
in  chapter  4  of  this  training  manual.  It  is  rather 
^iilUcult  for  the  analyst  lo  determine  a  blocking 
condition  (roni  a  single  chart.  The  method  of 
detecting  existing  blocks  depends  primarily  on 
the  Use  oi  2-  to  3'day  rumiing  means  of  wind 
and  pressure  aloft,  particularly  at  the  500-mb 
k\ol. 

Satellite  Depiclion 
of  I  ppcr  Level  Blocks 

\  i'  Hul  example  of  the  use  of  satellite 
v\v  t  gi  ph^  ti)  orient  the  position  of  a  block  is 
illnvira!vd  in  figure  7-20. 

\  lar-:^  ridge  in  (he  form  of  an  omega  block 
^tt.n  h.is  minor  ridges  within  the  large  sr .ile 
*l.m  I  me  Al}.  in  both  figures  7-20  and  7-21 
i'U;^tral      this  feature.  The  major  ridge  line 

*  vMi  ':i  I  oth  figures  runs  from  position  C  to  D, 
It  s.jn  1^'  seen  that  the  minoi  ridge  line  closely 
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a|)pro.ximates  the  northern  edge  of  the  cloud 
baiuK  spirallisig  into  the  vortex  at  po.sition  \l  in 
figure  7-20,  Cloud  patterns  in  satellite  photo- 
graphs correlate  with  the  1,000-  to  500-mb 
thickness  patterns.  This  is  because  the  cloud 
patterns  are  basically  the  result  of  integrated 
motions  throughout  the  atmosphere  and  not  at 
any  particular  leveL 
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Figure  7-20.-500  mb  analysis  and  satellite  photograph 
showing  an  omega  type  blocking  high. 


Use  of  Computer 
Products 

The  thermal  characteristics  related  to  block- 
ing situations  were  describe^I  in  chapter  4  of  this 
manual.  By  studying  the  computer  500-mb 
analysis  (figure  7-9),  the  1,000  to  500  mb 
thickness  charts.  Ihe  vertical  velocity  analysis, 
and  other  troposphcric  and  stratospheric  analy- 
ses, considerable  assistance  may  be  obtained  in 
determining  whether  a  blocking  situation  exists. 
A  complete  discussion  of  blocks  and  blocking 
situations  may  be  found  in  the  Navy  publication 
Hantlbook  of  Single  Station  Analysis  and  Fore- 
casting. NA  50-1  P'5 '^9. 
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Figure  7-21.— 500-mb  analysis  and  satellite  photograph 
showing  an  omega  type  blocking  high. 

The  author  suggests  in  this  publication  that 
for  single  station  forecasters  it  has  been  found 
adequate  to  define  blocknig  solely  in  terms  of 
closed  anticyclonic  patterns  which  persist  at  the 
500-nib  level  for  2  days  or  more  north  of  a 
certain  critical  latitude.  In  the  Atlantic  Ocean 
this  was  found  CO  be  10^  N;  in  the  Pacific  Ocean 
35^  N*  In  both  casts,  when  a  closed  anticyclone 
appeared  on  the  500-nib  chart  north  of  the 
critical  latitude  and  persisted  for  2  days  or  more 
it  was  attended  by  the  familiar  features  of 
blocking  action. 

The  blocking  types,  as  developed  empirically 
for  both  the  Atlantic  and  Pacific  Oceans,  have  a 
number  of  common  features  which  permit  a 
sketch  of  a  typical  blocking  pattern.  Thej>e 
features  are  shown  graphically  in  figure  7-22. 

Blocks  should  be  looked  for  during  their  most 
frequent  seasons  of  OLLurrence  in  late  winter 
and  early  spring. 

MOISTURE  ANALYSIS 

Lmes  of  constant  mixing  ratio  or  isodroso- 
thenns  may  be  drawn  on  850-  and  700-mb 


charts  for  the  purpose  of  delineating  the  moist 
and  dry  tongues  in  meridional  How  patterns. 
The  extent  and  intensity  of  moisture  patterns 
are  of  particular  importance  m  areas  where  the 
atmospheric  processes  producing  clouds  and/or 
precipitation  predominate. 

Isodrosothernis  are  discontinuous  at  fronts. 
Moist  tongues  are  mobt  pronounced  in  vvarm 
maritime  air  masses,  while  dr>  tongues  are  most 
marked  in  cold  continental  air  niaf.ses.  For 
obvious  reasons,  an  isodrosotherm  cannot  cross 
the  isotherm  with  the  same  temperature  label. 

The  National  Meteorological  Center  (NMC) 
provides  a  Composite  Moisture  Index  Chart. 
This  is  a  four  panel  chart  for  the  conterminous 
United  States.  The  four  panels  present  iiifoniia- 
tion  pertaining  to  index  conditions,  precipilabic 
water,  freezing  level,  and  relative  humidity. 
Details  on  the  construction  of  this  computer 
produced  chart  and  transmission  times  may  be 
found  in  the  National  Weather  Service  Fore- 
caster's Handbook.  WBFH  No.  I.  Local  weather 
units  may  utilize  this  computer  produced  data  as 
an  aid  in  determining  areas  close  to  saturation. 

On  a  working  chart  light  green  is  the  color 
customarily  used  for  isodrosotherms.  with  light 
green  shading  for  moist  tongues,  becoming 
progressively  darker  toward  the  axis  of  the 
tongue. 

The  troughs  and  ridges  in  the  isotherm  pat- 
terns are  called  cold  and  warm  tongues,  respec- 
tively, and  in  the  moisture  pattern  they  are 
referred  to  as  dry  and  moi;>t  tongues,  respec- 
tively. 


INDEXES 

The  types  and  characteristics  of  zonal  indexes 
are  described  in  chapter  4  of  this  training 
manual.  A  method  of  computing  zonal  indexes 
is  aLso  covered  in  that  chapter.  Indexes  are  best 
identified  on  mean  charts.  However,  there  are 
indications  on  the  present  upper  air  charts l700 
mb  and  above)  which  present  identifiable  fea- 
tures of  the  indexes.  A  brief  review  of  the 
indexes  and  some  methods  for  identifying  them 
are  presented  here. 
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Figure  7-22.— Characteristic  SOO-mb  surface  streamlines  and  dimensions  for  oceanic  blocking 
(ail  measures  in  degrees  of  longitude  and  latitude). 


Charxicteristics 

In  determining  the  index  pattern,  we  are 
primarily  concerned  about  the  niictiiations  of 
the  principal  band  of  westerlieh  between  35  and 
55  degrce>  north  latitude.  F'roni  computations  as 
described  in  chapter  4  it  is  found  that  zonal 
indexes  may  be  computed  from  the  indicated 
strength  of  these  westerlies. 

A  high  index  pattern,  which  is  the  normal 
pattern,  connotes  a  westerly  llow  with  high 
pressures  to  the  south  and  low  pressure  to  the 
north,  A  primary  characteristic  of  this  pattern  is 
the  more  or  less  regular  arrangement  of  contours 
aloft  in  a  west  to  east  direction  and  the  presence 
of  quasi-stationaty  fiat  troughs  of  long  wave- 
lengtli  through  which  moves  rapidly  a  series  of 
fast,  shallow  lesser  troughs  which  are  warmer 
than  their  environment  and  which  have  little 
vertical  development.  A  group  of  these  wave 


perturbations  superimposed  on  the  westerly 
flow  correspond  to  a  family  of  wave  cyclones  at 
the  surface.  There  is  little  northward  or  south- 
ward movement  of  pressure  .systems  nor  rapid 
development  of  centers.  In  .short,  there  is  no 
interchange  of  contrasting  air  nias.ses  from  north 
to  south.  Titetefore,  with  a  high  index  circula- 
tion, surface  lows  move  rapidly  eastward  with- 
out developing  into  major  systems. 

A  high  index  pattern  is  the  normal  condition 
as  may  be  evidenced  by  the  west-east  orientation 
of  the  700-nib  contours  on  mean  charts.  An 
additional  characteristic  is  the  occurrence  of 
pressure  near  normal  wit',  only  small  deviations. 

A  low  index  pattern  conMsts  of  large  north- 
south  components  of  llow  with  a  general  de- 
crease or  even  reversal  of  the  pre.s.sure  gradient 
of  low  pressure  to  the  north  and  high  to  the 
south  as  associated  with  the  high  index. 
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The  primary  charactcnslic  of  this  pattern  is 
large  ainplitucle  perturbations  in  the  westerlies 
and  the  existence  of  meridional  How  over  large 
areas*  wh  ji  means  that  vvidel>  contrasting  air 
masses  are  interchanged.  In  some  cases  a  closed 
low  circulation  ma>  exist  aloft  in  the  mid- 
latitudes.  Troughs  are  slow,  deep,  ,ind  colder 
than  their  environment  and  have  marked  vertical 
development.  Under  these  conditions  surface 
lows  will  move  less  rjpidl> ,  unfavorable  weather 
will  spread  over  large  areas,  and  consequent^ 
clearing  will  occur  less  rapidly  than  when  a  high 
index  circulation  is  present.  Similarly,  aloft,  the 
trough  will  have  a  smaller  west  to  east  compo- 
nent of  movement. 


Index  Type  from  Radiosonde  Analysis 

The  use  of  radiosonde  analysis  in  locating 
fronts  was  discussed  in  chapter  5  of  this  training 
manual.  The  radiosonde  can  also  be  a  valuable 
aid  in  identifying  the  index  situation  through 
the  variation  of  temperature  and  height  of  the 
tropopause  in  middle  latitudes. 

The  variation  can  be  related  to  surface  air 
masses.  At  approximately  45  degrees  north 
latitude  the  northward  influx  of  tropical  air  is 
associated  with  a  high  cold  tropopause  of  the 
order  of  15  to  18  km  in  height  and  -70**  to 
80**  C  temperature,  A  low  warm  tropopause  of  7 
to  9  km  and  temperatures  -50®  to  -55**  C  is 
associated  with  a  southward  surge  of  Arctic  air 
and  an  intermediate  tropopause  of  1 1  to  13  kin 
and  -60**  to  -70**  C  accompanies  the  advent  of 
maritime  air  which  is  the  normal  case.  The 
greater  the  deviation  of  the  tropopause  from  the 
mean  position,  the  more  intense  is  the  north- 
ward or  southward  push  of  air. 

Since  the  presence  of  tropical  or  polar  air  in 
the  middle  latitudes  is  associated  with  a  low 
index  type,  it  follows  that  the  tropopause 
position  is  a  good  key  to  the  circulation  index. 
The  appearance  of  a  distinct  change  in  lapse  rate 
at  the  tropopause  level  is  linked  with  a  low 
index  pattern,  and  a  gradual  or  rather  indistinct 
change  in  the  lapse  rate  with  the  tropopause 
level  above  1  2  km  indicates  the  existence  of  high 
index  conditions. 
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COORDINATION  OF  UPPER  AIR 
DATA  AND  SURFACE  MAP 

Certain  implications  from  the  above  data  and 
othei  data  obtained  from  uppei  air  observations 
can  be  employed  to  determine  the  configuration 
of  the  current  map.  Priniaril>,  the  overall  picture 
of  the  current  situation  is  obtained  by  visualiz- 
ing the  index  pattern.  Conclusion  as  to  whether 
high,  low,  or  transitional  index  should  be  de- 
duced from  consideration  of  the  factors  stated 
in  chapter  4,  consideration  of  the  above,  and 
from  the  following  features.  Either  700-  or 
500-nib  levels  may  be  used. 

1.  Deviation  of  the  700-nib  heights  and  tem- 
peratures from  normal  and  of  the  tropopause 
height  and  temperature. 

2.  Past  weather. 

3.  Direction  changes  in  the  flow  at  700  mb. 

4.  The  height  tendency  at  700  mb  or  some 
higher  level. 

5.  Types  of  air  masses  present. 

For  instance,  a  continued  westerly  flow  with 
700-mb  heights  and  temperatures  near  the  nor- 
mal and  no  large  change  would  allow  an  assump- 
tion of  n  high  index.  On  the  other  hand,  large 
deviations  from  the  700-mb  noinial  height  and 
temperatures  and  large  height  change  values 
would  indicate  other  than  a  high  index  pattern. 

COORDINATION  OF  SATELLITE 
AND  COMPUTER  PRODUCTS 

Satellite  photographs  and  computer  products 
,such  as  those  described  earlier  in  this  manual 
proMde  .1  valuable  source  of  assistance  in  deter- 
mining index  conditions. 

Satellite  Photographs 

The  existence  of  low  index  situations,  com- 
monly associated  with  baroclinic  conditions,  are 
evident  on  satellite  photographs  by  the  existence 
of  frontal  systems,  vortices,  and  other  forms  of 
convergent  weather.  High  index  conditions  will 
be  characterized  on  the  photographs  by  a 
predominance  of  fair  weather  conditions. 
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Computer  Products 

There  are  a  \ariet>  of  computer  prudutt.s 
a\aiLihle,  primaiilv  in  the  form  of  upper  level 
Jiarls,  whkh  will  provide  the  aiialvsl  asbislaiKe 
in  delerniining  iiidex  conditions.  The  u,se  of 
these  thai'ls  has  been  presented  previousl>  in 
this  manual.  It  would  prove  redundant  to 
attempt  to  list  the  various  charts  since  they 
change  from  lime  to  lime  and  are  listed  in  the 
Computer  Products  Manual. 

LONG  WAVES.  TROUGHS,  AND  RIDGES 

Two  superimposed  wave  patterns  can  gen- 
erall>  be  distinguished  on  upper  air  ch^irts  (700 
mh  and  above).  Slow  moving  features  designated 
as  long  wave  troughs  and  long  wave  ridges  lie 
under  a  sv>tcm  of  Tist  moving  disturb^inces 
designated  a^  ^hort  wave  troughs  and  short  wave 
ridges.  The  identifying  features  arc  discussed  in 
chapter  4  of  this  training  nutnual. 

Long  wave  pattern.^  are  best  detected  and 
identified  on  mean  or  oilier  type  charts.  All 
wave  patterns  are  classified  according  to  their 
wavelengths  as  either  long  or  short  waves.  Long 
waves  vary  in  length  from  about  60  to  120 
d;;grees  longitude  and  their  normal  movement  is 
from  west  to  east  about  5  degrees  longitude  per 
da>,  but  long  w,<  can  be  stationary  or  even 
retrogress  to  the  west. 

(Jreat  ^are  in  tracking  trough  and  ridge  lines 
on  successive  nuips  is  necessary  if  proper  con- 
tinuity is  to  be  maintained.  This  is  especially 
true  of  short  waves,  which  appear  :is  perturba- 
tions of  small  dimension  moving  rapidly  along 
the  long  wave  pattern  at  a  speed  of  10  to  20 
degrees  per  day.  Because  of  the  sparseness  of 
upper  air  data  in  many  areas  these  short  waves 
are  easily  overlooked  or  carelessly  smoothed  out 
of  the  anal>.sis.  In  isoLited  areas,  the  principal 
clue  to  the  passage  of  vi  short  wave  trough  is  a 
slight  backing  of  the  wind  for  a  brief  time.  The 
long  wave  trough  intensifies  when  overtaken  by 
the  short  wave  trough  vind  this  intensification 
often  results  in  surface  cyclogenesis.  The  best 
synoptic  clue  vis  to  the  existence  and  location  of 
short  waves  in  denser  networks  is  the  12-hour 
height  change  pattern.  A  small  closed  pressure 
change  center  is  often  associated  with  a  short 
wave  trough  or  ridge. 


Figure  7-23  illustrates  common  occurrences 
of  short  waves,  long  waves,  and  a  surface  low. 
Note  in  this  figure  that  the  slope  of  the  surface 
pressure  system  varies  from  near  zero  in  the 
Mediterranean,  where  the  presence  of  cold  air 
masses  is  extremely  rare,  to  8  to  10  degrees 
longitude  off  the  eastern  coasts  of  the  United 
States  and  Asia. 

Typical  wave  patterns  of  isobars  and  iso- 
therms of  various  levels  in  the  zone  of  the 
westerlies  is  shown  in  figure  7-24,  The  most 
significant  features  of  this  observed  pattern  are 
that  the  surface  isobars  and  isotherms  are  most 
frequently  about  135  degrees  out  of  phase. 
Using  either  the  hydrostatic  equation  or  the 
therm<il  wind  equation,  it  is  seen  that  this 
surfvice  distribution  produces  a  vertical  tilt  to 
the  trough  and  ridge  lines  and  a  decrease  in  the 
amplitude  of  both  the  isohypses  and  the  iiO- 
thernis  until  both  are  in  phase.  This  normally 
occurs  at  about  the  height  of  the  600-mb 
surface,  which  is  also  the  average  height  of  the 
level  of  nondivergence.  About  the  level  at  which 
the  isohypses  *ind  the  isotherms  are  in  phase,  the 
timplitude  of  the  horizontal  isohypses  and  iso- 
therms will  increase  upward  to  the  tropopause. 
Troughs  and  ridges  normally  slope  very  little 
above  500  mb.  From  the  distribution  of  the 
wind  speed  profile,  it  is  seen  that  below  the 
600-mb  surface,  waves  will  normally  travel  faster 
than  the  zonal  wind,  and  somewhat  above  thai 
level,  the  zonal  wind  is  usually  higher  than  the 
wave  speed.  The  corresponding  fields  of  con- 
vergence, divergence,  and  vertical  motions  are 
shown  for  reference. 

Satellite  and  Computer 
Products 

Satellite  photographs  and  computer  products 
provide  an  excellent  means  of  determining  the 
present  as  well  as  future  positions  of  long  and 
short  wave  troughs.  The  application  of  these 
important  devices  to  analysis  as  presented  earlier 
in  this  manual  should  not  be  overlooked. 


VORTICITY  ANALYSIS 

The  determination  of  relative  vorticity  is 
covered  in  detail  in  chapter  4  of  this  training 
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LONG  WAVE  PATTERN 
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Figure  7-23,-Short  waves,  long  waves,  and  surface  features. 
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Figure  7-24.— Typical  wave  patterns  in  the  westerlies. 
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manual.  VoiticU\  cliails  lor  prcsoiil  aiul  prog- 
iiostK  coiKlitions  are  currently  being  transmitted 
at  regulai  intervals  on  the  National  Facsnniie 
Network. 

In  practice,  actual  vorticity  values  are  rather 
ilitficult  and  time  consumuig  to  compute.  With 
the  advent  of  computers,  this  computation  is 
peitornied  with  speed  and  relative  accuracy.  In 
practical  analvsis  >ou  should  remember  that 
positive  vorticit>  is  a  normal  occurrence  in 
advance  of  troughs  m  the  middle  and  upper 
troposphere.  A  good  indication  of  cyelogenetic 
development  at  sea  level  can  be  deduced  when 
an  upper  trough  with  pcsitive  cyclonic  vorticity 
in  front  of  it  overtakes  a  frontal  system  in  the 
lower  troposphere.  You  .should  also  remember 
that  anticyclonic  vorticity  is  negative  and  the 
areas  from  the  rear  of  the  trouglis  to  the  next 
ridge  lines  are  favorable  for  anticyclonic  de- 
velopment. 

Satellite  and  Computer 
Products 

SATELLITE  PHOTOGRAPHS.  An  impor- 
tant means  of  identifying  areas  of  positive  and 
negative  vorticit>  is  the  satellite  photograph. 
Comma  shaped  areas  of  clouds  described  as 
Positive  Ab.solute  Vorticity  (PVA)  Maxima  and 
vorticity  centers  occur  in  the  cold  air  to  the  rear 
of,  or  around  the  periphery  of,  cloud  vortices 
related  to  extra  tropical  systems.  Figure  7-25(A) 
.shows  a  DRH^  readout  with  a  vortex  at 
pcsition  A  and  a  frontal  band  extending  from 
position  .B  to  C.  Behind  the  frontal  band,  a  PVA 
MAX  IS  shown  at  position  D  rotating  around  the 
vortex  in  the  cold  air. 

As  illustrated  in  figure  7-25{B)  thickness  lines 
are  generally  normal  to  the  cloud  band  of  the 
comma.  It  is  important  to  identify  these  features 
since  if  a  PVA  max  overtakes  an  active  baro- 
clinic  zone,  cyclogenesis  is  likely  to  occur. 

COMPUTER  PRODUCTS.  A  number  of  dif- 
ferent computer  charts  (SD  500  ANAL,  500  MB 
HT  ANAL,  SL  500  ANAL,  FLS-IO  ANAL,  etc.) 
are  available  for  use  in  determining  vorticity 
conditions.  Among  these  is  the  "Vorticity 
Advcction  Chart."  Through  the  use  of  this  chart, 
a  forecaster  can  study  the  progression  of  the 
positive  vorticity  centers  and  carefully  examine 
the  relation.ship  of  these  centers  in  conjunction 


with  the  long  wave  troughs  located  on  the  SL 
500  MB  chart,  and  the  surface  chart.  The  effects 
of  vorticity  on  weather  were  presented  in 
chapter  4  of  this  manual. 

The  tracking  of  positive  vorticity  centers  has 
become  a  very  .significant  aid  to  the  forecaster 
when  trying  to  determine  the  intensity  changes 
of  long  wave  troughs  and  surface  lows.  Tlirougli 
the  use  of  computer  charts  along  with  other 
available  forecasting  aids  this  task  will  become 
somewhat  less  difficult.  The  utilization  of  vortic- 
ity in  forecasting  will  be  presented  in  the 
pertinent  forecasting  chapters  of  this  training 
manual. 

ISOTACH  AND  JETSTREAM  ANALYSIS 

Where  wind  data  are  sufficiently  concen- 
trated, isotachs  are  drawn  to  locate  the  axis 
along  which  the  wind  speeds  are  greatest.  This 
axis  is  the  ridge  line  connecting  the  various 
centers  of  relative  maxima  in  the  isotach  pat- 
tern. The  isotachs  are  almost  parallel  to  the 
isohypses  and  the  closed  centers  are  usually 
elongated  ellipses  with  the  long  axis  parallel  to 
the  isohypses.  Two  idealized  contour  and  iso- 
tach patterns  are  shown  in  figure  7-26.  The  one 
on  the  left  shows  a  speed  maximum  at  the  long 
wave  trough  line,  the  other  shows  maxima  at  the 
ridge  lines.  These  centers  normally  move  from 
west  to  east  with  a  speed  less  than  that  of  the 
winds  themselves,  but  greater  than  that  of  the 
long  waves. 

The  isotach  ridges  on  any  particular  constant 
pre.ssure  chart  represent  the  intersection  of  that 
surface  with  a  meandering  current  of  fast  mov- 
ing air,  known  as  the  jetstream.  Since  wind 
speed  varies  in  the  vertical  as  well  as  the 
horizontal,  the  core  of  the  jetstream  fluctuates 
vertically  as  well  as  horizontally  from  one 
meridian  to  another.  It  usually  lies  between  the 
300-  and  200-mb  levels,  nearer  to  the  200-mb 
level  in  lower  latitudes  and  nearer  the  300-mb 
level  in  higher  latitudes.  Its  width  varies  from 
250  to  400  miles,  being  narrower  during  periods 
of  low  index  and  wider  during  periods  of  high 
index.  Chapter  4  of  this  training  manual  con- 
tains illustrations  of  the  jetstream  in  relation  to 
the  polar  front  and  the  tropopause. 

The  300-  and  200-mb  charts  give  the  best 
representation  of  the  jetstream,  but  it  is  often 
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Figure  7-25.-(A)  DRIR  readout  showing  a  vortex,  frontal  band,  and  PVA  Max; 
(B)  corresponding  surface  chart  with  superimposed  thickness  lines. 


well  defined  down  to  500  mb.  Below  this  level 
the  strong  meridional  temperature,  particularly 
those  associated  with  the  polar  front  m  the 
winter,  causes  the  intensity  of  the  speed  maxi- 
mum to  decrease  rapidly  m  the  lower  level  of 
analysis. 

Above  the  jet  core,  the  vertical  axis  of  the 
Jetstream  tilts  equatorward.  From  500  to  300 
mb.  It  has  almost  no  tilt,  and  is  usually  located 
directly  beneath  the  line  of  maximum  horizontal 
temperature  gradient  at  200  mb,  hence,  the 
500-inb  isotach  analysis  and  the  200-mb  temper- 
ature analy,sis  are  both  very  important  aids  in 
locating  the  300-mb  jet  below  the  jet  core.  The 
lack  of  tilt  in  the  vertical  axis  of  the  jet  implies, 
by  virtue  of  the  thermal  wind  relation,  that 


maximum  isotherm  concentration  coincides 
with  the  jet  axis.  At  500  mb,  the  isotherm 
concentration  is  often  associated  with  the  polar 
front.  The  jet  axis  at  this  level  seems  to  be 
around  the  -  ZO^'C  isotherm  on  tiie  warm  side  of 
the  zone  of  maximum  temperature  gradient. 

In  the  horizontal,  the  jet  axi,s  also  follows 
quite  closely  the  contours.  At  500  mb  it  lies 
near  plus  or  minus  60  meters  of  the  5,610-meter 
contour.  Project  AROWA  found  in  one  study 
that  the  jet  maximum  occurs  82  percent  of  the 
time  between  the  8,960-  and  9,240-nieter  con- 
tours at  300  mb. 

Two  exceptions  to  the  foregoing  should  be 
noted.  At  low  wind  speeds,  contours  and  i,so- 
tachs  may  cro.ss  at  large  angles,  and  where 
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Figure  7-26.— Common  contour  and  isotach  patterns.  lA)  Speed  maximum  at  long  wave  trough  line; 

(B)  speed  maximum  at  ridge  line. 


contours  converge  uipstream  from  a  speed  maxi- 
iiiuni).  the  jet  axis  and  Ksotachs  tend  to  cross 
from  high  to  low,  the  reverse  being  the  case 
dowiKstreani  where  the  contours  diverge.  Deep- 
ening and  cyclogeneM>  occur  downstream  and  to 
the  left  of  the  jet  maximum  at  a  trough  and 
upstream  an;!  to  the  right  of  the  maximum  at 
ridges.  The  relation  of  contours  to  the  jet  axis 
also  accounts  to  some  extent  for  the  appearance 
of  the  meridional  and  easterly  jets  and  the 
forked  jets  associated  with  cutoff  lows  and 
blocking  highs. 

LIFE  CYCLE  AND  SEASONAL 
POSITIONS  OF  THE  JETSTREAM 

The  period  of  life  cycle  of  a  particular  jet 
determines  the  characteristic  structure  of  the  jet 
at  a  specific  time  over  a  given  region.  Although 
It  may  be  convenient  to  visualize  the  jetstream 
as  a  tube  of  higli  wind  speeds  meandering 
around  the  hemisphere,  it  is  clear  that  its 
character  generally  vanes  from  region  to  region. 

The  seasonal  aspects  of  the  jetstream  were 
discussed  m  chapter  4  of  this  training  manual.  In 
summary,  it  may  be  said  that  the  strength  of  the 
jelstreains  is  greater  in  winter  than  in  summer. 
The  mean  position  of  the  stream  shifts  south  in 
vvnUer  and  north  in  summer  with  the  seasonal 
migration  of  the  polar  front.  As  the  jetstream 
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moves  south,  its  core  rises  to  a  higlier  altitude 
and,  on  the  average,  its  speed  increases.  In  the 
winter  the  jetstreams  are  often  found  as  far 
south  as  20  degrees  N.  The  core  of  the  strongest 
winds  in  the  jetstream  is  generally  found  be- 
tween 7,620  and  12,190  meters,  depending 
upon  the  latitude  and  the  season. 

APPLICATION  OF  SATEL- 
LITE CLOUD  PHOTOGRAPHS 

The  location  of  the  jet  stream  or  maximum 
wind  zone  can  be  accurately  positioned  by 
examining  the  cloud  patterns  shown  in  satellite 
pictures.  Vertical  and  horizontal  motions  in  the 
upper  troposphere  in  the  vicinity  of  jet  streams 
have  a  very  marked  effect  on  the  distribution  of 
cirrus  clouds  in  their  vicinity.  (See  fig.  7-27.) 

Because  of  this,  it  is  possible  to  determine  the 
location  of  such  wind  maxima  from  cloud 
pictures  taken  by  weather  satellites.  Cirrus 
clouds  predominate  on  the  equatorial  side  of  the 
jet  stream  and  in  the  anticyclonically-turning 
portion  of  the  jet.  The  poleward  boundary  of 
the  cirrus  is  often  very  abrupt;  it  lies  under  or 
slightly  equatorward  from  the  jet  axis,  and 
frequently  casts  a  shadow  on  the  lower  clouds 
which  is  clearly  visible  in  satellite  pictures. 

Over  the  oceans,  where  the  jet  stream  curves 
cyclonically,  the  differences  in  stability  on  each 
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Figure  7-27.-200-mb  analysis  showing  transverse  lines  in  jet  stream  cirrus  over  Africa 
where  lower  clouds  arc  absent.  The  southern  edge  of  the  line:  ♦rails  off  to  the  west 
due  to  slower  wind  speeds  farther  away  from  the  jet  core. 


side  of  the  core  are  rcnec{e(J  in  the  appearance 
of  the  clouds.  On  the  left  side,  looking  down- 
stream, cold  temperatures  and  unstable  air  occur 
resulting  in  great  vertical  development  of  the 
convective  clouds  in  the  open  cellular  patterns. 
(See  fig.  7-28.) 

One  of  the  major  problems  facing  the  analyst 
is  differentiating  between  jet  stream  cirrus  and 
instability  lines  of  Cb  activity.  In  both  cases,  the 
display  may  be  white,  representing  emission 
from  high,  cold  cloud  tops.  The  forecaster 
should  examine  the  equatorward  edge  of  the 
cloud  shield  to  determine  whether  the  boundary 
is  sharp  or  diffuse. 

The  main  jet-stream  cloud  features  are  long 
shadow  lines,  large  cirrus  shields  v.'ith  sharp 
boundaries,  long  cirrus  bands,  cirrus  streaks,  and 
transverse  bands  within  cirrus  cloud  formations. 
Once  a  jet  stream  has  been  identified  on  a  cloud 
photograph,  it  is  possible  to  deduce  other 
meteorological  information,  such  as  wind  direc- 
tion, wind  shear,  direction  of  horizontal  temper- 
ature gradient,  and  areas  where  clear  air  turbu- 


lence is  possible.  The  Guide  for  Obscrvmg  tli*- 
Environment  with  Satellile  Infrared  Iniagciv 
NWRF  F-0970-I58,  and  Application  ol  Mcicop 
ological  Satellite  Data  in  Analyi>is  and  Im)K'« 
casting.  Technical  Report  212,  piovide  an  eXvJ- 
lent  source  of  additional  information  on  localmg 
the  jet  stream  through  the  use  of  salelhtc 
photographs. 

APPLICATION  OF 
COMPUTER  PRODUCTS 

The  most  u  'cful  computer  charts  available  l\n 
analyzing  the  jet  stream  arc  the  200  mb.  300 
mb,  isotach,  and  wind  shear  analysis.  Ihe 
isotach  analysis  is  especially  useful  fordetonmn- 
ing  positions  of  jet  maxima.  The  cliaiattciistKN 
of  the  jet  stream  were  presented  m  chapter^  oi 
this  manual.  By  utili/Jng  this  descriptive  data 
along  with  the  available  computer  charts  accu 
rate  positioning  of  the  jet  .stream  will  he 
practically  assured.  Lsotach  analysis  will  be 
described  in  greatei  detail  in  the  lollowing 
paragraphs. 
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Figure  7.28,-An  idealized  illustration  showing  a  jet  stream  over  the  dividing  line  between  open  and 
closed  cellular  clouds.  The  jet  stream  east  of  the  upper  air  trough  is  shown  crossing  over  an  occluded 


front. 
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ISOTACH  ANALYSIS 

The  first  step  in  isotach  analysis  is  ihC 
computation  of  wind  speeds  in  areas  of  sparse  or 
little  wind  data.  This  can  be  accomplished  by 
the  use  of  gradient  and  geostrophic  wind  scales. 
Many  instances  have  occurred  in  which  observed 
winds  do  not  agree  with  geostrophic  or  gradient 
computations,  thereby  placing  this  method  of 
augmenting  wind  speed  data  into  the  same 
category  as  the  extrapolation  of  data  upward 
from  a  lower  level  -it  is  better  than  no  data  al 
all.  The  following  items  should  govern  the 
computation  of  wind  speeds: 

1.  Use  geostrophic  or  gradient  wind  scales 
constructed  for  the  map  projection,  if  avaiK.ble. 

2.  First  select  those  points  where  the  wind  is 
most  likely  to  be  geostrophic,  that  is,  where 
contours  are  straight  and  parallel  or  with  little 
curvature.  Then  measure  the  geostrophic  wind. 

3.  Next,  choose  areas  where  contours  are 
curved  but  approxnnately  parallel  and  measure 
contour  curvature  from  overlay,  then  estunate 
the  correction  for  trajectory  curvature,  and 
compute  the  gradient  wind  from  avuitable  scales. 

In  the  cases  of  number  3,  a  recent  statistical 
study  has  shown  that  only  in  cases  of  cyclonic 
curvature  do  you  need  to  correct  the  geo- 
strophic wind  to  the  gradient  wind.  In  anti- 
cyclonic  cases,  the  geostrophic  wind  seems  lo 
give  as  good  an  approximation  to  the  true  wmd 
as  does  the  gradient  wind. 

Once  the  wind  speed  data  have  been  aug- 
mented as  outlined  above,  isotach  analysis 
should  proceed  as  follows;  (The  recommended 
interval  for  isotachs  is  20  knots.) 

1.  Begin  the  analysis  in  an  area  with  dense 
reports  and  draw  in  the  60-knot  isotach.  If  you 
are  using  either  the  300-  or  200-mb  chart,  use 
the  500-rab  chart  as  an  aid;  it  has  greater 
coverage. 

2.  Draw  in  the  remaining  isotachs  at  20-knot 
intervals  and  identify  the  centers  of  speed 
maximum  from  previous  charts  (continuity). 

3.  Sketch  in  the  jet  axis.  Interpolate  the  jet 
axis  in  areas  between  centers,  following  the 
contour  and  isotherm  pattern. 
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4.  Check  for  consistency  with  jet  axis  and 
isotherm  patterns  above  and/or  below  the  level 
being  analyzed. 

After  Lomplelion  of  the  isotach  analysis,  the 
isotach  patterns  should  be  pictorial.  One  recom- 
mended procedure  is  as  follows, 

1.  At  first,  draw  the  principal  jet  axis  as  a 
heavy  purple  line  with  arrow  indicating  the  How 
direction,  indicate  secondary  jets  and  jet  fingers 
with  dashed  purple  lines. 

2.  Shade  regions  with  wind  speed  less  than  20 
knots  (also  marked  with  an  S)  purple  and 
regions  with  wind  speeds  greater  than  80  knots 
(at  500  mb,  60  knots)  green.  Intense  jet  centers 
may  be  emphasized  by  increasing  the  heavy 
shading  toward  the  center. 

Centers  of  wind  maxima  usually  propagate 
downstream  at  a  rate  greater  than  that  of  the 
long  wave  pattern,  but  less  than  that  of  the 
winds  themselves,  hence  they  will  have  move- 
ment relative  lO  the  wave  pattern  and  appear  to 
move  through  it,  much  like  the  short  wave 
patterns  do.  Occasionally  centers  will  remain 
stationary  but  have  never  been  known  to  retro- 
gress upstream. 

OTHER  AIDS  IN  LOCATING 
THE  JETSTREAM 

The  following  features  are  used  at  the  Na- 
tional iMeteorological  Center  to  focus  attention 
on  areas  where  the  jetstream  might  be  located. 

1.  The  jetstream  lies  vertically  above  the 
maximum  temperature  gradient  in  the  midtropo- 
sphere  as  indicated  for  example  by  the  500-mb 
temperature  field.  It  will  be  located  just  to  the 
south  of  the  greatest  thermal  gradient. 

2.  The  jetstieam  reaches  its  maximum  in- 
tensity slightly  below  or  at  the  tropopause. 
Thermal  gradient  is  reversed  above  this  level. 

3.  The  cyclonic  shear  to  the  left  of  the  jet 
(looking  downstream)  is  stronger  than  the  anti- 
cyclonic  shear  to  the  right. 

4.  The  jetstream  is  also  a  streamline  and  as 
such  tends  to  follow  the  same  height  contour. 
From  this  is  follows  that  the  axis  of  the  jet  on  a 
constant  pressure  surface  is  directed  toward 
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lower  heights  when  vvnul  .speeds  increase  along 
the  jet  and  vice  versa. 

5.  Information  from  satellite  pictures  aids  in 
locating  the  Jetstream  as  covered  in  chapter  14. 

TROPOPAUSE  ANALYSIS 

The  tropopause  is  the  boundary  of  transition 
between  the  troposphere  and  the  stratosphere. 
FMH  No,  3.  Radiosonde  Observations,  NA 
50-1 D-3,  gives  criteria  for  selection  of  the 
tropopause  levels  at  pressure  lower  than  500  nib 
from  radiosonde  data.  A  template  is  available. 
Form  FMH  3-3 1 BK  for  use  in  selecting  the 
tropopause  level.  FMH  No.  4,  Radiosonde  Code, 
NA  50-1  D-4,  gives  cnteri.!  for  encoding  tropo- 
pause data. 

Fornierh,  it  was  believed  that  the  tropopause 
was  a  single  unbroken  la>er  extending  from  the 
Lquator  to  the  poles  and  sloping  downward 
toward  the  poles.  Data  gathered  subsequent  lo 
and  during  World  War  II  have  served  to  invali- 
date this  thcor>.  There  have  been  found  lo  be  at 
least  three  more  or  less  distinct  tropopauses, 
which  form  leaflike  or  overlapping  structures 
between  which  jet  cells  tjf  maximum  wind  are 
found. 

The  three  generally  accepted  tropopauses  are 
the  subtropical  tropopause  lound  at  about  25 
degrees  N  near  18,290  meters  or  around  100 
nib,  niidlatitude  or  temperature  tropopause  at 
35  to  40  degrees  N  near  12.190  meters  (arouPcd 
200  nib),  and  the  subarctic  tropopause  near 
9,145  meters  (around  300  nib).  In  general  the 
tropopauses  are  found  at  greater  heights  in 
summer  than  in  winter. 

Each  of  the  tropopauses  slopes  downward 
toward  the  north.  For  a  short  distance  the 
subtropical  tropopause  tends  to  overlap  the 
temperate  tropopause  and  the  temperate  tropo- 
pause tends  to  overlap  the  , subarctic  tropopause. 
These  regions  of  overlap  are  characterised  by 
double  or  complex  tropopauses.  and  the  two 
main  regions  of  overlap  or  discontinuity  are 
associated  with  the  niidlatitude  and  subtropical 
jetstreams. 

These  three  tropopauses  are  characterized  not 
only  by  height  and  pressure  but  also  by  poten- 
tial temperature.  Within  approximately  llO°  C 
the  potential  temperaturein  winter  is  390°  K  for 
the   subtropical    tropopause,  350°  K  for  the 


temperature  tropopause,  and  310°  K  for  the 
subarctic  tropopause.  The  characteristic  poten- 
tial temperature  may  be  of  value  in  locating  the 
tiopopause  on  an  atmospheric  sounding  when 
the  sounding  is  characterized  by  many  inversions 
or  by  an  irregi'*ar  lapse  rate  with  no  inversions. 

There  are  many  soundings  on  which  the 
locating  of  a  generally  acceptable  tropopause  is 
very  easy.  These  cases  include  those  where  a 
single  strong  inversion  or  marked  stablization  of 
the  lapse  rate  occurs.  However,  there  are  many 
other  soundings  where  it  is  quite  difficult  to 
determine  where  the  tropopause  ends  and  the 
stratosphere  begins.  In  these  cases,  the  lapse  rate 
may  just  gradually  become  more  stable  without 
any  prominent  sudden  stabilization  of  the  lapse 
rate  with  height,  or  there  may  be  more  than  one 
point  of  stabilization;  then  it  becomes  a  contro- 
versial problem  to  decide  which  point  should 
locate  the  tropopause.  The  variation  in  structure 
in  the  tropopause  region  has  led  to  many 
different  ideas  on  how  to  define  and  analyze  a 
tropopause.  The  conflict  between  the  definitions 
officially  advocated  cr  used  in  different  coun- 
tries was  finally  compromised  by  the  WMO  who 
have  standardized  an  arbitrary  definition  of  the 
tropopause  for  operational  use  in  internationally 
exchanged  upper-air  sounding  reports. 

The  present  WMO  definition  does  not  attempt 
to  settle  the  question  as  to  what  the  tropopause 
is.  which  remains  controversial.  It  defines, 
rather,  an  objective  technique  for  locating  the 
lowest  height  in  the  atmosphere  where  the  lapse 
rate  first  decreases  to  an  average  lapse  rate  of 
2°  C/km  fora  2-kilometcr  layer.  While  the  physi- 
cal significance  of  this  lowest  heiglit  remains  to 
be  found,  it  does  establish  an  international  refer- 
ence height  to  which  other  atmospheric  phe- 
nomena can  be  empirically  related.  The  main 
advantage  is  that  the  definition  is  objective,  in 
that  it  allows  the  same  height  to  be  consistently 
selected  by  all  technicians  from  a  given  sound- 
ing, 

WMO  TROPOPAUSE  DEFINITION 

As  noted  above,  objective  criteria  for  deter- 
mining the  tropopause  heigh t(s)  transmitted  in 
upper-air  observations  have  been  internationally 
standardized  by  the  WMO,  Within  its  definition, 
provision  is  made  for  identifying  two  or  more 
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tropopauses  on  a  sounding.  The  WMO  definition 
for  the  tropopause  is  as  follows: 

1.  The  "first  tropopause"  is  defined  as  the 
lowest  height  at  which  the  lapse  rate  decreases 
to  2°  C/km  or  less,  provided  also  that  the 
average  lapse  rate  between  this  height  and  all 
higher  altitudes  ,  ..lin  2  kilometers  does  not 
exceed  2°  C/km. 

2.  If  above  the  first  tropopause  the  average 
lapse  rate  between  any  height  and  all  higher 
altitudes  within  -i  I -kilometer  interval  exceeds 
3°  C/kn\y  then  another  tropopause  is  defined  by 
the  same  criteria  as  under  1  above.  This  second 
tropopause  may  be  either  within  or  above  the 
1 -kilometer  layer. 

3.  There  are  two  qualifying  remarks  attached 
to  the  definition.  They  are: 

a.  A  height  below  the  500-mb  surface  is 
not  designated  as  a  tropopause  unless  it  is  the 
only  height  satisfymg  the  definition,  and  the 
average  lapse  rate  in  any  higher  layer  fails  to 
exceed  3°  C/km  over  at  least  a  1-kiIometer  layer. 
Further,  thu  sounding  must  reach  at  least  the 
200-mb  pressure  surface.  (The  intention  here  is 
to  admit  that  a  discontinuity  in  the  Iap,se  rate  at 
a  height  below  the  500-mb  surface  is  a  tropo- 
pause only  if  it  is  reasonably  certain  that  no 
other  choice  is  possible.) 

b.  When  determining  the  second  or  higher 
tropopauses,  the  I-kilometer  interval  with  an 
average  lapse  rate  of  3°  C/km  can  occur  at  any 
height  above  the  conventional  tropopause  and 
not  only  at  a  height  more  than  2  kilometers 
above  the  first  tropopause. 

RADIOSONDE  ANALYSIS 

Figure  7-29  illustrates  how  to  apply  the  WMO 
tropopause  definition  to  a  sounding.  The  first 
tropopause  is  defined  by  criterion  1  of  the 
definition.  This  criterion  is  satisfied  above  point 
B  of  figure  7-29;  that  is,  the  average  lapse  rate 
between  points  B  and  D,  the  next  2  higlier 
kilometers  above  point  B,  is  less  than  2°  C/km 
for  all  points  of  the  2-kilometer  lapse  rate.  Thus, 
the  first  tropopause  is  established  at  point  B  of 
the  sounding. 

There  is  also  a  possibility  of  a  "second" 
tropopause  at  point  D.  To  find  out,  criterion  2  is 
used.  Tliis  criterion  requires  a  1-kilometer  layer 
with  a  lapse  rate  greater  than  3°  C/km  below  the 
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second  tropopause  height.  This  requirement  is 
met  through  the  layer  CD,  and  in  this  particular 
case,  qualifying  remark  3  (b)  applies  al^o  When 
criterion  2  is  met,  then  criterion  1  is  again  used 
to  determine  the  location  of  a  higher  tropo- 
pause. Above  point  D,  the  lapse  rate  DH  :igain 
decreases  to  less  than  2°  C/km  for  the  next  two 
higher  kilometers.  Thus,  a  ,second  tropopause  is 
determined  at  point  D, 

Tropopause  heights  and  temperatures  are  cur- 
rently being  placed  on  the  35,000'foot  upper 
level  wind  charts  and  transmitted  over  the 
National  Facsimile  Network. 

COMPUTER  PRODUCTS 

NMC  provides  a  computer  vlerived  tropopause 
and  wind  shear  analysis  over  the  facsimile 
network  which  may  prove  valuable  as  an  aid  in 
positioning  the  tropopause.  This  chart  is  a  two 
panel  presentation  for  the  48  states  of  the  U.S., 
southern  Canada,  northern  Mexico,  and  the 
contiguous  ocean  areas  on  a  1-20  million  scale. 
This  numerical  analysis  duplicates  as  closely  as 
possible  the  manual  analysis.  A  fiirther  descrip- 
tion  of  this  chart  is  contained  in  the  National 
Weather  Service  Forecasters  Handbook  WBFH 
No.  1. 

FNWC  Monterey  provides  a  36-liour  pressure 
height  and  temperature  prognosis  for  the  5^0-, 
400-,  200-,  and  lOO-mb  levels.  To  obtain  this 
chart  the  500-  to  400-mb  temperature  lapse  rate 
is  extrapolated  upward  to  its  intersection  with 
the  200-  to  100-mb  lapse  rate  extrapolated 
downward.  The  height  at  which  this  intersection 
takes  place  is  taken  as  the  tropopause  height. 
(See  fig.  7-30.) 

By  this  method  the  tropopause  is  obtained  as 
a  continuous  surface.  Its  actual  leaf  structure  is 
not  portrayed.  The  tropopause  height  can  be 
used  as  an  approximation  to  the  level  of 
maximum  winds. 

SUPPLEMENTARY  UPPER  AIR  ANALYSIS 

The  basic  upper  air  analysis  is  the  constant 
pressure  analysis.  In  co'^junction  with  this  basic 
'  analysis  it  is  sometimes  necessary,  and  at  all 
times  beneficial,  to  conduct  concurrent  supple- 
mentary  types  of  analyses  of  upper  air  proper- 
ties in  order  that  the  fullest  use  be  made  of 
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Figure  7-29.-Tropopause  determi 

upper  air  information  to  lead  to  the  end 
product,  the  forecast.  Most  of  these  charts  are 
constructed  from  either  reported  or  derived  data 
from  upper  wind  and  upper  air  reports.  It  is  not 
feasible  to  Hst  or  explain  all  the  types  of  upper 
air  charts  currently  being  produced  by  the 
National  Meteorological  Center.  Only  the  space 
differential  (thickness)  analysis,  time  differen- 
tial, and  advection  charts  are  covered  here. 

SPACE  DIFFERENTIAL 
(THICKNESS)  ANALYSIS 

Construction 

Space  differential  analysis  is  an  analysis  in- 
volving the  utilization  of  the  contours  from  two 
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tions  based  on  WMO  definitions. 

analyi^eti  constant  pressure  surfaces  whereby  the 
contours  (height  values)  of  the  lower  level  are 
subtracted  graphically  from  the  contours  (height 
values)  of  the  upper  level  (as  illustrated  in  fig. 
7-31)  to  obtain  the  "differential"  (thickness) 
between  the  levels. 

The  thickness  between  the  levels  (thickness 
charts  may  be  constructed  betw^^n  any  two 
pressure  surfaces)  indicates  the  mean  tempera- 
ture of  that  layer;  the  amount  and  type  of 
advection  occurring  (thermal  wind);  the  density 
of  the  layer;  deepening  and  filling  of  pressure 
systems;  the  vertical  wind  shear;  and  cyclo- 
genesis.  Space  differential  charts  are  used  pri- 
marily as  a  basis  for  advection  charts;  in  fore- 
casting sea  level  pressure;  in  forecasting  upper 
heights;  in  forecasting  deepening  and  filling  of 


erJc 


254 

260 


Chapter  7-UPPER  AIR  ANALYSIS 


AG.544 

Figure  7-30.-Tropopause  height  36'hour  prognosis. 
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Figure  7-31. -Graphical  subtraction  of  contours 
(heights  in  meters). 

pressure  bystems,  in  foreca.sting  (in  conjunction 
with  other  things)  the  direction  and  speed  of 
motion  of  surface  and  upper  air  pressure  sys- 
tems: and  in  checking  the  consistency  of  frontal 
analysis.  The  most  commonly  used  differential 
charts  are:  the  KOOO-  to  700-mb  thickness  chart, 
the  KOOO-  to  500-mb  thickness  chart,  the  700- 
to  500-mb  thickness  chart,  and  the  500-  to 
200-mb  thickness  chart. 

In  constructing  thickness  charts  it  is  best  to 
use  acetates;  next  best  is  to  use  a  clean  chart. 
First,  trace  the  lower-level  contours  onto  either 
the  chart  or  acetate,  and  label  appropriately. 
The  lower-level  contours  should  have  a  distinc- 
tive color  (usually  yellow).  Next,  trace  the 
upper-level  contours  onto  the  chart  or  acetate, 
also  in  a  distinctive  color  (usually  green).  This 
method  eliminates  lines,  such  as  isotherms  in  the 
analysis  area.  Then,  graphically  subtract  the 
lower  contours  from  the  upper  and  connect  the 
points  of  equal  thickness  with  a  dashed  black 
line,  and  label  them. 

To  start  the  analysis,  it  may  be  helpful  to 
determine  arithmetically  the  height  difference  at 
a  few  points.  As  experience  is  gained  by  the 
Aerographer's  Mate,  enough  proficiency  is  ac- 
quired so  that  the  hand  holding  the  pencil  is  able 
to  follow  the  eye  as  it  sees  the  points.  Thickness 


lines  iiiust  cross  the  contours  of  both  charts  in 
the  same  linear  direction.  They  cross  from 
greater  heights,  to  lower  heights  or  from  lower 
heights  to  greater  heights  on  BOTH  charts  at  any 
given  intersection.  Thickness  lines  cross  contours 
of  either  chart  only  at  intersections  and  do  not 
cross  each  other. 

Two  consecutive  contours  of  either  constant 
pressure  chart  must  be  separated  by  a  coiitourof 
the  other  constant  pressure  chart  or  by  a 
thickness  line.  Two  consecutive  thickness  lines 
must  be  separated  by  a  contour  of  one  of  the 
constant  pressure  charts.  A  thickness  line  be- 
tween two  intersections  is  proportional  to  the 
thermal  wind.  The  thermal  wind  is  the  nieui 
wind  shear  vector  in  geostvophic  balance  with 
the  gradient  of  mean  temperature  bounded  by 
two  isobaric  surfaces.  The  hermal  wind  is 
directed  along  isotherms  with  cold  air  to  the  left 
in  the  TJorthern  Hemisphere.  It  can  be  shown 
vectorially  by  subtracting  the  wind  vector  of  the 
lower  isobaric  surface  from  the  wind  vector  at 
the  upper  isobaric  surface  as  illustrated  in  figure 
7-3. 

Uses  of  the  1,000-500  mb 
Tliickness  Chart 

The  1,000-500  mb  thickness  chart  is  one  of 
the  primary  tools  used  at  the  National  Meteoro- 
logical Center  and  can  be  equally  as  important 
to  you.  Some  of  the  important  relationships 
between  thickness  and  between  fronts  and 
cyclones  in  the  various  stages  of  development 
are  given  in  the  following  sections.  Figure  7-32 
illustrates  most  of  the  important  details  of 
thickness  patterns  in  relation  to  fronts. 

The  most  important  features  stressed  and 
used  are: 

1.  Warm  sectors  are  relatively  homogenous; 
the  concentration  of  thickness  contours  is  on 
the  cold  side  of  frontal  systems.  This  will  be 
better  defined  with  moderate  to  strong  fronts. 

2.  The  cold  trough  in  the  thickness  contours 
lies  to  the  rear  of  the  surface  depression, 
halfway  between  the  surface  depression  and  the 
next  upstream  surface  ridge,  or  higli. 

3.  Thickness  contours  are  anticyclonically 
curved  in  advance  of  warm  fronts  and  cycloni- 
cally  curved  behind  cold  front,s. 
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4.  The  spacing  of  thickness  contours  behind 
cold  fronts  is  closer  than  in  advance  of  warm 
fronts,  rellecting  the  generally  accepted  idea 
that  cold  fropts  are  more  intense  than  warm 
fronts. 

5.  The  distance  between  the  thickness  jet 
which  IS  Usually  located  horizontally  in  the  same 
position  as  the  500-mb  jet  and  cold  fronts  is  less 
than  with  warm  fronts,  reflecting  the  steeper 
slope  of  cold  fronts  as  compared  with  warm 
fronts. 

Adherence  to  thcNC  in.portant  features  of  the 
thickness  model  insures  the  proper  slope  of 
systems  between  1. 000  and  500  mb.  the  proper 
relationship  between  surface  fronts  and  the 
polar  Jetstream,  and  surface  frontal  analyses  that 


portrays  a  meaningful  picture  of  the 
3-dimensional  temperature  structure. 

ADVECTION  CHARTS 

Advection  charts  are  essentially  a  part  of 
space  differential  charts.  They  are  usually  con- 
structed on  the  space  differential  chart,  although 
a  separate  chart  may  be  used  to  indicate  the 
advection  patterns.  Advection  patterns  are  indi- 
cated at  every  point  of  intersection  of  the 
constant  pressure  charts.  The  advective  flow  is 
nearly  perpendicular  to  the  thickness  lines  and  is 
indicated  with  a  single-shaft,  single-barb  blue 
arrow  for  cold  advection  and  a  single-shaft, 
single-barb  red  arrow  for  warm  advection.  Ad- 
vection arrows  indicate  the  mean  direction  of 
How  between  the  two  isobaric  surfaces.  If  the 
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arrow  crosses  tlie  thickness  lines  from  higher 
value  to  lower  value,  the  advection  is  warm.  If 
the  arrow  crosses  the  thickness  lines  from  lower 
values  to  higher  values,  the  advection  is  cold. 
Advection  charts  may  be  constructed  between 
any  two  desired  isobar ic  surfaces. 

Rules  of  thumb  for  the  Aerograplier's  Mate  to 
follow  when  constructing  advection  arrows  are: 
when  the  lower  contour  is  to  the  left  while 
looking  downstream,  advection  is  cold:  wiien  the 
lower  contour  is  to  the  right  while  looking 
downstream,  advection  is  warm.  Refer  to  figure 
7-31  for  an  illustration  of  the  proper  method  of 
constructing  advection  arrows. 

A  derivative  of  the  thermal  wind  equation  and 
the  advection  arrows  is  the  thermal  wind  rule. 
This  rule  simply  states  that  in  the  Northern 
Hemisphere  if  the  wind  backs  with  height,  cold 
advection  is  indicated,  and  if  the  wind  veers  with 
heigln,  warm  advection  is  indicated.  That  this 
rule  is  true  is  shown  in  figure  7-33. 
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Figure  7-33.-The  thermal  wind  rule 
(Northern  Hemisphere). 
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TIME  DIFFERENTIAL  CHARTS 

Time  differential  charts  serve  the  main  pur- 
pose of  tracking  rise  and  fall  centers  on  upper  air 
charts  (usually  the  500-mb  chart),  although 
other  levels  may  be  chosen  for  this  purpose  as 
well.  These  charts  are  usually  drawn  at  24-hr 
intervahs  in  order  to  minimize  diurnal  effects 
which  might  otherwise  invalidate  some  of  the 
features  of  these  charts. 

The  time  differential  charts  are  constructed  in 
the  following  manner:  take  two  charts,  24  hours 


apart,  of  the  same  isobaric  surface  (500  mb). 
Place  the  older  chart  on  the  bottom,  and  a  clean 
acetate  or  blank  chart  over  both.  Over  a  light 
table  construct  lines  of  equal  difference  at  each 
of  the  intersections  of  the  two  charts  much  in 
the  manner  used  to  construct  the  thickness 
charts.  Start  the  analysis  by  algebraically  sub- 
tracting the  new  contour  values  from  the  old 
contour  values  and  connecting  the  points  of 
equal  difference.  Areas  of  falling  heights  are 
indicated  by  drawing  the  height  change  lines  as 
solid  red  lines;  areas  of  rising  heights  are 
indicated  by  drawing  the  height  change  lines  as 
solid  blue  lines,  drawing  the  zero  height  change 
line  as  a  purple  line.  The  centers  of  rising  and 
falling  heights  are  then  transposed  onto  a  blank 
chart  used  solely  for  this  purpose.  Succeeding 
positions  of  the  rise  and  fall  centers  are  con- 
nected in  the  same  manner  as  are  pressure 
system  centers  on  the  constant  pressure  charts. 

The  individual  height  change  lines  should  be 
marked  in  the  manner  of  the  contours  on 
constant  pressure  charts.  The  center  values  of 
the  rise  and  fall  centers  should  be  entered  on  the 
tracking  chart.  For  an  illustration  of  the  method 
of  constructing  time  differential  charts,  see 
figure  7-34. 

COMPUTER  PRODUCTS 

Space  differential  (thickness),  and  advection 
charts  are  available  in  the  form  of  computer 
derived  products. 

The  LOOO  to  700.  KOOO  to  500.700  to  500, 
and  500  to  200  mb  thickness  (differential) 
charts  are  all  available  in  computer  form.  As 
discussed  earlier,  computer  derived  vorticily 
advection  chart  are  available  for  utilization  in 
the  analysis  process.  Time  differential  charts 
may  be  constructed  by  utilizing  a  series  of 
thickness  charts  and  are  therefore  no.  available 
in  chart  fonu  over  computer  circuits. 


SUMMARY  OF  UPPER  AIR 
ANALYSIS  RULES 

Observation  of  many  analyses  by  inexperi- 
*enced  personnel  reveals  some  typical  and  often- 
repeated  errors  in  uppcr-air  analysis.  The  follow- 
ing list  is  by  no  means  all  inclusive. 
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legend:  500  mb  CHART  (TENS  OF  METERS) 

  NEW  CONTOURS 

 OLD  CONTOURS 

■  HEIGHT  CHANGE  LINES 
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Figure  7-34.— Time  differential  chart. 


1.  Contours  (isohypses)  are  to  be  drawn 
parallel  to  winds,  where  possible.  This  will  not 
always  be  possible  due  to  errors  in  observations 
and  nongeostrophic  and/or  nongradient  wind.s. 
Always  check  the  plotted  windshaft  with  the 
number  indicating  Uv»ection  before  deciding  the 
observed  wind  is  impossible  to  draw  to, 

2.  Use  history.  Trough.s.  ridges,  highs  and 
lows  may  change  slightly  their  configuration  and 
orientation  and  have  differential  movement. 
History  tells  what  these  features  looked  like  12 
and  24  hours  ago  and  in  what  general  area  to 
start  looking  for  them  on  the  current  map. 
Always  check  the  previous  analyzed  map  before 
starting  analysis. 


3.  Wind  direction  cannot  change  discontinu- 
ously  along  a  contour. 

4.  In  the  vicinity  of  centers  (highs  and  lows) 
do  not  stop  analysis  merely  because  there  are  no 
actual  data.  Use  wind  scales,  history  chart  and 
common  sense  to  get  central  contour  height  and 
its  position.  If  an  intermediate  contour  helps  to 
define  location  of  a  center,  put  it  in  (with  a 
dashed  line). 

5.  Do  not  overemphasize  the  cyclonic  curva- 
ture at  troughs  in  the  form  of  a  kink  in  the 


contour  (i.e. 


).  This  is  absolutely 


wrong.  It  implies  that  the  trough  is  a  front. 
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Instead  do  this: 


Note  the 


reliiiive  maxiniiini  of  cyclonic  curvature  at  the 
trough. 

6.  Do  not  throw  av\a\  data  at  fll^t  glaiuc 
Over  the  ocean  area  the  following  icpoits  aic 
excellent,  with  the  list  in  descending  urdcr  of 
"level  ot*  belief. 

a.  Permanent  ships,  as  weather  ships 
November,  Papa  jnd  others,  traveling  ^.onimer- 
ci:il  and  militarv  surface  crjH.  also,  permanent 
land  stations  as  the  Hawaiian  group.  Midway, 
etc.:  all  of  the  foregoing  are  "on-time"  reports. 

b  Weather  reconnaisNan^e  Uc^on)  lepurts. 
these  are  plotted  about  a  □  v\ith  T.  500-nib 
height  and  usually  wind:  and 

c  Commercial  and  inihtarv  jir^rat't  report- 
ing flight-level  temperature,  wiuil.  and  some- 
times a  'D"  value:  extrapolations  ti^  500-nib 
level  must  then  be  made. 

7.  With  weather  re^ons  and  other  aiicfcdi 
reports,  time  of  observation  mu.st  be  taken  inu» 
account-  Correct  the  data  to  map  tiuiv  time 
inierpolation  or  extrapolation. 

Over  the  o^eau.  LoniinuH\  and  hi>tor\  arc 
as  important  as  an>  observation  or  extrap- 
olation Do  not  lose  svstem^  for  ia^k  of  data 
over  the  ocean. 

Troughs  and  centers  moving  50  kt  or  nuire 
are  to  be  doubted  unles>  overvviielming  evidence 
indicates  this  to  be  true.  MovtMnent  of  troughs 
and  centers  embedded  in  the  v\esterlics  is  gen- 
erally W-b  with  some  meridional  component. 
The  cold  lows  and  warm  highs  tend  to  move 
slowest,  (usually  less  than  0.5  lal  lir).  On 
occasion  the  centers  of  these  dynanu^  ^old  and 
warn,  systems  move  westward  with  >ome  merid 
ional  component.  At  times  thev  are  stationarv. 

10.  Considerable  tnnihle  is  experienced  in 
northern  Canada  due  to  lack  of  data.  This  is  an 
area  where  one  mu>t  aii.  lv/e.  not  just  draw 
lines.  Most  troubles  cmdd  he  cleared  up  by 


observing  accuracy  of  contour  analysis  (use 
Buvs-Ballot's  law),  by  drawing  in  a  few  inter- 
nicdiale  contours,  and  by  using  the  geostrophic 
wind  scale. 

11.  In  using  the  geostrophic  wind  scale  to 
dctciniine  woirect  spacing  of  isoliypses  on  upper- 
air  charts,  the  spacing  must  be  less  than  the 
obsci^ed  wind  indicates  where  the  curvature  of 
the  isoliyp,ses  is  cyclonic:  the  converse  is  true  for 
anticydonic  circulation.  This  is  only  another 
way  of  saying  that  wmds  in  cyclonic  regions  are 
subgeoNiropIiic.  in  anticyclonic  region.s  .super- 
geostropliic. 

12.  In  isotherm  analysis  keep  in  mind  there  is 
a  tendency  for  the  lows  (highs)  at  500  mb  to  be 
cold  (warm)  with  a  definite  closed  i.sotherm 
nearly  coincident  with  the  pressure  center. 
Lung-wave  troughs  are  cold,  ridges  warm,  with 
reverse  relation  for  short  waves. 

13.  Jagged,  ragged  or  nervous  lines  lend  an 
unprofe5sional  appearance  to  an  analyzed  map. 
.Avoid  discontinuities  in  the  isolines. 

14.  Short-wave  troughs  move  through  long- 
wave paltern.s.  hence  their  orientation  and  move- 
ment  traces  out  long  wave  patterns.  Troughs  are 
normally  concave  to  the  direction  from  which 
they  are  moving.  Check  history  map  for  most 
recent  configuration.  Marked  changes  in  configu- 
ration should  be  doubted. 

15.  Cheek  vertical  consistency  by  reference  to 
analyses  at  adjoining  levels,  especially  the  lower 
levels: 

a.  Troughs  and  lows  must  slope  toward 
coldest  air. 

b.  Ridges  and  highs  must  slope  toward 
warmest  air. 

c.  Cold  lows  have  little  or  no  slope. 

d.  Warm  lows  at  low  levels  become  short- 
wave (warm)  troughs  aloft. 

e.  Wave  cyclones  at  sea  level  become  short 
waves  aloft. 

f.  Occluded  cyclones  become  cold  or  cut- 
ofl  lows  aloft. 
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CHAPTER  8 

FORECASTING  UPPER  AIR  SYSTEMS 


To  prepare  prognostic  charts,  bot)-  surface 
and  upper  air.  we  must  first  make  predictions  of 
the  various  weather  systems  found  on  each  type 
chart,  hiasmuch  as  the  current  surface  and  upper 
air  charts  reveal  in  detail  the  current  state  of  the 
weather,  so  should  die  prognostic  charts  reveal 
accurately  and  in  detail  the  fului-e  stale  of  the 
weather.  Constructing  prognostic  charts  is  no 
easy  task:  nevertheless  it  is  not  impossible. 

The  ideal  approach  to  preparing  upper  air  and 
surface  prognostic  charts  dictates  that  the 
Acrographer's  Mate  first  begin  with  the  upper 
levels  and  then  translate  the  prog  downward  in 
terms  of  a  surface  prog.  The  -  two  are  so 
interrelated  that  consideration  of  the  elements 
on  one  should  not  be  made  independently  of  the 
other. 

Prognostic  charts  are  constructed  at  the 
National  Meteorological  Center  (by  Numerical 
Weather  Prediction  methods)  and  Fleet 
Numerical  Weather  Facility,  Monterey.  The 
resultant  products  are  transmitted  over  their 
respective  facsimile  networks. 

Overseas  Fleet  Weather  Centrals  and  Facilities 
also  construct  and  transmit  progs.  We  are  all  too 
often  inclined  to  rely  solely  on  these  data  with 
few  or  no  actual  computations  made  by 
ourselves.  Since  these  prognostics  are  generall> 
for  large  areas,  this  procedure  could  lead  to 
many  erroneous  forecasts  and  mental  lethargy 
on  tlie  part  of  the  Aerographed s  Mate. 

For  these  and  other  reasons  it  is  important 
that  the  Aerographefs  Mate  not  only 
understand  the  methods  by  which  prognostic 
charts  are  constructed  hut  their  limitations  as 
well.  In  this  chapter  we  will  discuss  some  of  the 
more  common  methods  and  rules  for  forecasting 
upper  air  features.  In  the  following  chapter, 
methods  and  techniques  for  progging  the  surface 


chart  will  be  considered.  These  methods  can  be 
used  in  constructing  your  own  prognostic  charts 
where  data  are  not  available  from  other  sources 
and/or  to  check  on  the  prognostic  charts  made 
by  other  sources. 

GENERAL  PROGNOSTIC 
CONSIDERATIONS 

It  is  incumbent  upon  the  forecaster  to 
consider  all  applicable  rules,  draw  upon 
experience,  and  consult  any  valid  available 
objective  aids  to  produce  the  best  possible 
forecast  from  data  that  are  available.  This 
evolves  into  both  a  subjective  and  objective 
approach  to  the  prognosis  and  the  forecast. 

A  forecaster  has  examined  many  aspects  of 
the  weather  picture  from  both  surface  and 
upper  air  maps  by  the  time  he  issues  his  forecast. 
Some  conditions  are  overlooked  or  soft-pedaled, 
while  others  are  emphasized.  The  forecaster 
nuisl  depend  heavily  upon  his  experience  and 
knowledge  with  past  history  of  the  weather 
because  similar  analogous  conditions  yield  simi- 
lar consequencf  .>.  Some  forecasters  may  decide 
to  overlook  a  clearly  defined  parameter,  such  as 
surfai   pressure,  because  through  his  experience, 
0!  the  experience  of  others,  he  may  decide  that 
it  is  not  a  decisive  factor.  In  this  case  he  may 
concentrate  on  the  general  trend  of  upper  wind, 
the  humidity  and  stability  revealed  by  sound- 
ings, and  other  factors.  The  mental  processes 
involved  in  making  the  prognosis  and  the  fore- 
aist  are  also  guided  by  the  forecast  require- 
ments. 

An  objective  system  of  forecasting  certain 
atmospheric  parameters  can  parallel  and  often 
exceed  the  skill  of  an  experienced  forecaster.  An 
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objective  system,  also  often  eliminates  the  un- 
comfortable moments  of  hesitation  that  every 
forecaster  has  undoubtedly  suffered  when  he  has 
been  pressed  for  a  forecast  during  nondescript 
conditions.  However,  the  objective  process 
should  not  necessarily  take  precedence  over  the 
subjective  method,  but  rather  the  two  should  be 
used  together,  where  and  when  applicable,  to 
arrive  at  the  most  accurate  forecast  possible  in 
the  shortest  period  of  time.  At  any  rate, 
whichever  system  is  used,  some  systematic 
method  should  be  adopted,  whereby  all  of  the 
factors  possible  are  cataloged  for  ready  reference 
as  a  checkoff  list. 

HAND  DRAWN  ANALYSIS 

The  correct  methods  and  procedures  to  be 
utilized  in  analyzing  upper  air  charts  have  been 
covered  in  Chapter  7.  A  properly  drawn  hand 
analysis  provides  the  forecaster  with  the  basic 
and  most  important  tool  in  constructing  an 
upper  air  prognostic  chart  which  will  attain  a 
high  degree  of  validity.  Such  information  as 
windspeed  direction,  temperature,  dew  point 
depression,  and  heights  is  readily  available  for 
the  forecaster  to  integrate  into  the  various 
objective  methods  of  producing  a  prognostic 
chart. 


COMPUTER  PRODUCTS 

The  Fleet  Numerical  Weather  Central  pres- 
ently provides  a  great  variety  of  charts  for 
dissemination  to  shore  and  fleet  weather  units. 
These  include  analysis  and  prognostic  charts 
ranging  from  subsurface  oceanographic  charts  to 
the  depiction  of  the  troposphere,  as  well  as  a 
number  of  specialized  charts.  A  number  of  these 
charts  have  been  discussed  in  the  preceding 
chapter.  A  complete  listing  of  the  various  charts 
is  contained  in  the  Naval  Weather  Service  Com- 
puter Products  Manual,  NavAir  50-1G-522. 

APPLICATION  OF  SATELLITE 
CLOUD  PHOTOGRAPHS 

As  a  further  aid,  satellite  pictures,  mosaics, 
and  nephanalysis  can  also  be  used  in  preparing  a 
prognostic  chart.  The  availability  of  satellite 


data  will  be  extremely  varied.  Some  stations  will 
receive  only  teletype  or  facsimile  data  while 
others  will  be  equipped  to  receive  direct  readout 
of  satellite  photographs. 

OBJECTIVE  FORECASTING 
TECHNIQUES 

The  use  of  objective  forecasting  techniques  in 
preparation  of  upper  air  prognostic  charts  af- 
fords the  forecaster  a  better  opportunity  to 
arrive  at  a  more  accurate  chart.  Experience  in 
itself  is  not  enough  to  forecast  the  movement  or 
intensity  of  upper  air  systems,  but  coupled  with 
basic  objective  techniques  provides  a  sound  basis 
for  the  forecaster  to  prepare  an  accurate  and 
valid  chart  and  forecast. 

FORECASTING  THE  MOVEMENT 
OF  TROUGHS  AND  RIDGES 

The  techniques  covered  in  this  section  apply 
primarily  to  long  waves.  Many  of  them  are 
applicable  to  short  waves  as  well  and  it  will  be 
stated  when  and  where  they  are  applicable.  A 
long  wave  is  by  definition  a  wave  in  the  major 
belt  of  westerlies  which  is  characterized  by  large 
length  and  significant  amplitude.  Therefore,  the 
first  step  in  progging  long  waves  is  to  detemiine 
their  limits.  Large  closed  lows  and  highs,  cutoff 
systems,  and  the  like  must  be  temporarily  set 
aside  for  separate  consideration.  This  done,  we 
are  ready  to  prog  the  movement  of  the  long 
waves.  There  are  several  basic  approaches  to  the 
progging  of  both  long  and  short  waves.  Chiefly 
these  are  extrapolation,  CAVT's,  Petterssen's 
Wave   Speed   Nomogram,   the  Grid  Method, 
isotherm-contour  relationship,  and  the  location 
of  the  jet  maximum  in  relation  to  the  current  in 
which  it  lies. 

Extrapolation 

Knowledge  of  the  past  history  of  the  systems 
affecting  the  area  of  interest  is  fundamental  to 
the  success  of  forecasting.  Experience  has  shown 
that  most  atmospheric  systems  usually  change 
slowly  and  continuously  with  time.  That  is,  a 
continuity  in  the  weather  pattern  is  exhibited  in 
a  sequence  of  weather  charts,  Wlicn  a  particular 
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pressure  system  or  distribution  exhibits  a  tend- 
ency to  continue  without  much  change  it  is  said 
to  be  persistent.  1  hese  concepts  of  persistence 
and  continuity  are  very  useful  foiccaht  aid.s. 

The  extrapolation  procedures  used  in  fore- 
casting may  vary  from  simple  linear  extrapola- 
tion to  the  use  of  more  complex  mathematical 
equations  and  analog  methods  based  on  theory 
or  long  experience.  Two  such  methods  are 
presented  here:  one  is  simple  extrapolation,  the 
other  a  more  complex  method  based  on  kine- 
matic extrapolation. 

The  practicing  forecaster  usually  extrapolates 
past  and  present  conditions  to  obtain  future 
conditions  in  accordance  with  scientific  prin- 
ciples and  years  of  practical  experience. 

SIMPLH  EXTRAPOLATION. -The  simplest 
method  of  forecasting  both  long  and  short  wave 
iiioveiiient  is  that  of  extrapolation. 

Simple  extrapolation  is  merely  the  displace- 
ment of  the  trough  or  ridge  to  a  future  position 
based  on  jxist  and  current  movement  and  ex- 
pected trends,  it  is  based  on  the  assumption  that 
the  changes  in  velocity  of  the  pressure  patterns 
are  slow  and  gradual.  However,  there  are  pitfalls 
to  this  method  in  that  new  developments  fre- 
quently occur  which  were  not  revealed  from 
present  or  past  indications  upon  which  the 
extrapolation  was  based.  However,  if  such  devel- 
opments can  be  forecast  b>  other  techniques, 
allowance  can  be  made  for  them. 

Extrapolation  for  short  periods  on  short 
waves  IS  generally  valid.  The  major  disadvantage 
of  extrapolating  the  movement  of  long  waves,  or 
long  period  movements  of  short  waves,  is  that 
past  and  present  trends  do  not  continue  indell- 
nitely.  This  can  be  seen  when  we  consider  a 
wave  with  a  history  of  retrogression.  The  retro- 
gression will  not  continue  indcfinitelv,  and  vye 
must  look  for  indicatioub  of  its  reversal,  that  is. 
progressive  movement. 

Constant  Absolute  Vorticity 
Trajectories  ( CA VTs) 

Phis  method  is  used  to  determine  the  move- 
ment of  long  wave  troughs  and  ridges  at  the 
500-inb  level. 

To  compute  CAVTs  the  following  data  at  the 
inflection  point  is  required:  maximum  wind 
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speed,  wind  direction  (angle  with  east),  and 
latitude  value  to  be  used  in  the  CAVT  table. 

The  inflection  point  is  that  point  along  each 
ridge  or  trough  where  the  relative  vorticity 
changes  from  positive  to  negative,  or  vice  versa. 
In  other  words,  the  actual  curvature  of  the 
contour  changes  from  cyclonic  to  anticyclonic, 
or  vice  versa.  In  this  area,  the  point  with  zero 
wind  shear  (strongest  windspeed)  is  designated 
as  the  CAVT  inflection  point.  The  point  will 
always  be  upstream  from  the  trough  or  ridge 
concerned.  (See  fig.  8-1.) 


INFLECTION 
POINTS 
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Figure  8-1  .-Selection  of  the  inflection 
point  for  CAVT's. 

Information  regarding  procedure  to  be  fol- 
lowed in  using  the  CAVT  method  of  forecasting 
the  movement  of  troughs  and  ridges  may  be 
found  in  various  publications  which  are  listed  in 
Navy  Weather  Research  Facility  Reports  and 
Publications  (NWRF  00-0369-143)  and  updated 
revisions. 

Petterssen's  Nomogram 

Petterssen's  wave  speed  nomogram  utilizes  the 
wavelength  (L)  in  degrees  lat  tude  or  nautical 
miles:  the  windspeed  at  the  core  of  the  current 
at  the  trough  or  ridge  line  (U);  the  distance  from 
the  core  of  the  current  to  location  of  U  where 
the  windspeed  is  one-half  of  U  in  the  same  units 
as  L,  (B)  which  provides  the  value  for  L/B;  the 
wave  axis  of  inclination  from  the  meridian  of 
the  trough  T  (gamma):  and  the  latitude  <I>  (phi) 
where  U  is  determined. 

Using  the  data  given  in  figure  8-2,  enter  the 
nomogram  (fig.  8-3)  the  top  under  the  value  of 
3,000  nautical  miles  and  go  downward  to  the 
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Figure  8-2.-A  long  wave  situation  for  use 
with  Petterssen's  wave  speed  nomogram. 

value  of  T  (gamma).  From  the  point  of  inter- 
section of  T  (gamma),  go  horizontally  across  to 
the  vahie  of  <I>  (pl,i),  and  thence  vertically 
downward  to  the  value  of  U.  From  the  point 
wiiere  you  intersected  U.  go  horizontally  across 
the  nomogram  to  the  value  of  L/B  and  thence 
vertically  upward  until  you  intersect  the  slanting 
hne  which  gives  the  movement  of  the  longwave 
m  knots  or  degrees  latitude  per  day.  Your  result 
m  this  case  is  T  lat/day.  Other  waves  should  be 
similarly  evaluated. 

The  major  obstacles  to  successful  use  of  the 
nomogram  are  tl-.at  L  and  T  (gamma)  are  not 
always  definitive,  and  that  U  and  B  and 
therefore  L/B  are  not  always  accurate.  Despite 
these  drawbacks,  the  nomogram  is  of  value  in 
that  it  does  yield  a  rough  indication  of  both  the 
direction  and  extent  of  movement  and  this  is  of 
value,  because  the  Aerographer's  .Mate  can  then 
smooth  out  the  result. 

The  best  results  from  the  use  of  this  tech- 
nique will  be  obtained  if  the  troughs  and  ridges 
to  be  computed  arc-  selecced  under  the  followhig 
conditions:  Adequate  upper  wind  data  are  neces- 
sary; only  cases  should  be  selected  where  the 
streamlines  have  a  well  defined  sinusoidal  pat- 
tern from  the  trough  or  ridge  in  question  for  a 
distance  L/2  upstream.  Symmetry  of  wave- 
lengths upstream  and  downstream  about  the 
trough  or  ridge  is  not  required;  a  simple  and 


fairly  .symmetric  velocity  profile  along  the 
trough  or  ridge  line  is  necessary. 

A  test  of  158  troughs  and  ridges  indicated  the 
lollowing  corrections  should  be  applied  to  the 
results  ot  the  computations: 

1.  Deduct  I  longitude  degree  per  day  from 
each  computation  of  trough  speed. 

2.  Deduct  3  longitude  degrees  per  day  from 
the  computed  motion  of  each  ridge  cast  of  the 
Rocky  Mountains. 

3.  Deduct  5  degrees  per  day  from  the  com- 
puted motion  of  each  ridge  over  the  Rockies. 

Grid  Method 

This  method  is  u.sed  for  forecasting  the 
movement  of  .short  wave  troughs  and  closed 
lows  at  the  500-mb  level.  A  grid  i.s  constructed 
as  a  -0-degree  latitude  square,  true  at  latitude  45 
degrees  for  the  type  map  projection  used.  The 
displacment  of  the  low  or  trough  is  given  by  the 
mean  geostrophic  wind  over  the  area  covered  by 
the  grid.  (See  fig.  8-4  for  example  of  grid.) 

First  we  will  discuss  the  movement  of  500-mb 
short  wave  troughs  for  a  24-hour  forecast 
period. 

1.  Aline  the  grid  so  that  the  centerline  DOC 
IS  over  the  trough  with  point  "0"  approximately 
in  the  middle  of  the  trougli. 

2.  Read  off  height  points  from  the  500-mb 
height  field  at  all  points  from  A  to  F  (in  this 
example  meters  are  used). 

3.  Using  the  following  formula,  substitute  the 
heights  for  the  letters  in  the  equation.  Note  plus 
values  indicate  east  movement,  minus  values 
west  movement. 

"X"  ((A-B)  +  (C-D)  +  (E-F)l  =  E-W  MVT, 

where  I-  =  east. 

The  solution  to  the  equation  should  be 
positive  to  indicate  eastward  movement,  since 
short  waves  are  progressive.  Movement'  is  in 
degrees  of  latitude.  "X"  is  the  latitude  factor 
using  latitude  at  point  "0".  See  Table  8-1  for 
the  "X"  factors  for  two  different  map  projec- 
tions and  the.  values  for  both  feet  and  meters 
(Feet  using  hundreds  of  feet,  and  meters  using 
tens  of  meters.) 

For  moving  short  wave  trougli.s,  a  systematic 
correction  of  minus  1  degree  of  latitude  per 
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Figure  8-3.-Petterssen's  wave  speed  nomogram. 


24-liour  period  slioulcl  be  applied  before  final 
displaceiiient  is  made. 

An  example  of  the  use  of  this  method  is  as 
follows.  Suppo.se  we  had  constructed  our  grid  on 
a  polar  stereograpliic  chart  and  read  off  the 
following  values  for  the  poims  indicated: 

Latitude  at  point  0  =  ^0  degrees 

Height  at  point  A  =  430  meters 

Height  at  point  B  =  !20  meters 

Height  at  point  C  =  50  meters 

Height  at  point  D  ^.iSO  metei-s 

Height  at  point  E  =  5,670  meters 

Height  at  point  F  =  5,330  meters 
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Substituting  the  values  into  the  formula  we 
have: 

.  1 25  1(543-5 1 2)  +  (555-5  1 5)  +  (567-533)1 
.125  1(31) +  (40) +  (34)1 
.125  X  105  =  13.13  -  1.00  =  12.13""  lat 
per  day 

Normally  good  results  are  obtained  when 
working  with  troug.is  of  small  amplitude  where 
amplitude  decreases  or  remains  constant  with 
time.  However,  overforecasting  is  evident  when 
this  method  is  applied  to  troughs  which  deepen 
rapidly.  As  a  rough  guide,  this  method  should 

265 


A1:R0GRA1>1II;R'$  MATI-  I  &  C 


Figure  8-4.-500-mb  grid. 
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Table  8-1.-"X"  factors  for  use  with  the 
grid  equation. 


Lambert  Confer mal 


Latitude 


25 
30 
35 
40 
45 
50 
55 
60 
70 


Feet 


.  57 
.48 
.42 
.37 
.34 
.31 
.30 
.  28 
.26 


Meters 


.  187 
.  157 
.  138 
.  121 
.  112 
.  102 
.098 
.092 
.  085 


Polar 
Stereographic 


Feet 


.67 
.  54 
.45 
.38 
.34 
.30 
.  27 
.25 
.  23 


Meters 


.  220 
.  177 
.  148 
.  125 
.  112 
.098 
.089 
.  082 
.  075 


not  be  used  when  the  contours  in  the  neighbor- 
hood of  point  "0"  (initial  point)  greatly  exceed 
an  amplitude  of  15  to  20  degrees  of  latitude. 

Isothenn-Contour  Relationships 

The  forecaster  should  always  examine  the 
long  waves  for  the  isotherm-contour  relation- 
ships and  then  apply  tlie  rules  for  the  movement 
of  long  waves.  These  rules  were  stated  in  cliapter 
4  of  this  training  manual.  The  rules  do  not  yield 
a  very  quantitative  movement,  but  if  the  rules 
confirm  the  CAVT  results  or  the  nomogram 


results,  or  both,  thoy  have  served  the  \m^■>osc  of 
confirming  previous  results.  This  can  be  seen  in  a 
situation  where  CAVT's  yield  small  progressive 
movement  and  the  nomogram  yields  a  small 
retrograde  movement.  If  the  isotherm-contour 
relationship  confirms  retrograde  motion,  wc  are 
justified  in  placing  more  faith  in  the  nomogram 
result.  A  number  of  observations  and  niles  are 
stated  regarding  the  progression,  stationaiy  char- 
acteristics, or  retrogression  of  long  waves.  These 
rules  are  stated  in  the  following  section. 

PROGRESSION  01-   LONG  WAVfiS.-Pro- 
gression  (eastward  movement)  of  the  long  waves 
is  usually  found  in  association  with  relatively 
short   wave  lengths  and  well  defined  major 
trough.s  and  ridges  in  the  middle  and  upper 
troposphere.  At  the  surface,  there  are  usually 
only  one  or  two  prominent  cyclones  associated 
with  each  major  trough  aloft.  Under  the  forward 
part  of  each  major  ridge  there  is  usually  a  well 
developed  surface  anticyclone  movinu  toward 
the  east  or  southeast.  The   24-hour  height 
changes  at  upper  levels  usually  have  a  one-to-one 
association  with  major  troughs  and  ridges  (mo- 
tion of  maximum  height  fall  and  rise  areas 
associated  respectively  with  major  trousli  and 
ridge  motion).  The  tracks  of  the  height  change 
cen.jrs  depend  on  the  movement  and  changes  of 
intensity  of  the  long  waves,  and  often  seem 
somewhat  erratic. 

STATIONARY  LONG  WAVE  PATFERNS.- 
Once  established,  stationary  long  wave  patterns 
usually  persist  for  a  number  of  days.  The  upper 
air  flow  associated  with  the  long  wave  pattern 
constitutes  a  steering  pattern  for  the  smaller 
scale  disturbances,  'fhe.se  small  scale  troughs  and 
ridges,  with  their  a.s,sociated  heightchange  pat- 
terns and  weak  surface  systems,  move  along  in 
the  flow  of  the  large  scale,  long  wave  pattern. 
Minor  troughs  intensify  as  they  move  through 
the  troughs  of  the  long  waves  and  weaken  as 
they  move  through  the  ridges  of  the  long  waves. 
The  same  changes  in  intensity  occur  in  those  sea 
level  troughs  or  pressure  centers  which  are 
a.ssociated  with  minor  troughs.  Partly  as  a  result 
of  the  presence  of  these  smaller  scale  systems, 
the  troughs  and  riciges  of  the  stationary  long 
waves  are  often  spread  out  and  hard  to  locate 
exactly. 
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RliTROGRHSSlON  OF  LO WAVliS.-A 
continuous  retrogression  of  long  wave  troughs, 
m  which  the  wave  troughs  are  conserved,  is  a 
rare  event.  The  usual  type  of  retrogression  takes 
place  in  a  discontinuous  fashion  whereby  a 
major  trough  weakens,  accelerates  eastward,  and 
is  transformed  into  a  minor  trough  while  a  major 
wave  trough  forms  to  the  west  of  the  former 
position  of  the  old  one.  New  major  troughs  are 
generally  formed  by  the  transformation  of 
mmor  troughs  into  deep  cold  troughs.  Since  old 
troughs  are  weakening  and  new  ones  are  devel- 
oping during  this  process,  it  would  be  improper 
to  apply  any  wave  velocity  equation  to  this  type 
situation. 

Retrogression  is  seldom  a  localized  phenom- 
enon, but  as  a  rule  appears  to  occur  as  a  series  of 
retrogressions  in  several  long  waves.  Retro- 
gression generally  begins  in  a  quasi-stationary 
long  wave  train  when  the  stationary  wavelength 
shows  a  significant  .  .crease.  This  can  happen  as 
a  result  of  a  decrease  in  zonal  wind  speed,  or  of 
a  southward  shift  in  the  zonal  westerlies.  Some 
characteristics  of  retrogression  are  as  follows. 
Trajectories  of  24-hour  height  change  patterns  at 
500-nib  deviate  from  the  band  of  maximum 
wind.  New  centers  appear  or  existing  ones 
rapidly  increase  in  intensity.  Rapid  intensifica- 
tion of  surface  cyclones  occurs  to  the  west  of 
existing  major  trough  positions. 

LOCATION  OFTHE  JET  STREAM. -In  chap- 
ter 4  of  this  training  manual  we  discussed  the 
migration  of  the  jetstream  both  northward  and 
southward.  Some  general  considerations  can  be 
made  concerning  this  migration  and  the  move- 
ment of  waves  in  the  troposphere. 

In  a  northward  migrating  jet,  a  west  wind 
maximum  emerges  from  the  tropics  and  gradu- 
ally moves  through  the  lower  midlatitudes. 
Another  maximum,  initially  located  in  the  upper 
midlatitudes,  advances  toward  the  Arctic  Circle 
while  weakening.  Open  progressive  wave  pat- 
terns with  pronounced  amplitude  and  a  decrease 
in  the  number  of  waves  due  to  cutoff  centers 
exist.  The  jet  is  well  organized  and  troughs 
extend  into  low  latitudes. 

As  the  jet  progresses  northward,  the  ampli- 
tude of  the  long  waves  decrease  and  the  cutoff 
lows  south  of  the  westerlies  dissipate.  By  the 
tune  the  jet  reaches  midlatitudes  a  classical  high 
index  situation  exists.  Too,  we  have  weak,  long 
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waves  of  large  wavelength  and  small  amplitude, 
slowly  progressive  or  stationary.  Few  extensions 
of  troughs  into  the  low  latitudes  are  present  and 
in  this  situation  the  jetstream  is  weak  and 
disorganized. 

As  the  jet  proceeds  farther  northward,  there 
will  often  be  a  sharp  break  of  high  index  with 
rapidly  increasing  amplitude  of  the  flow  aloft. 
Long  waves  retrograde.  As  the  jet  reaches  the 
upper  midlatitudes  and  into  the  sub-Arctic 
region,  it  is  still  the  dominant  feature,  while  a 
new  jet  of  the  westerlies  gradually  begins  to 
form  in  the  subtropical  regions.  Long  waves  now 
begin  to  increase  in  number  and  there  is  a 
reappearance  of  troughs  in  the  Tropics.  The 
cycle  then  begins  over  again  and  repeats  itself. 

With  a  southward  migrating  jet,  the  processes 
are  reversed  from  that  of  the  northward  moving 
jet.  It  should  also  be  remembered  that  short 
waves  are  associated  with  the  jet  maximum  and 
move  with  about  the  same  speed  as  these  jet 
maximums. 

FORECASTING  THE  INTENSITY 
OF  TROUGHS  AND  RIDGES 

Forecasting  the  intensity  of  long  waves  often 
yields  nothing  more  than  a  sign  of  the  expected 
intensity-greater  than  or  less  than  present  inten- 
sity. For  instance,  if  deepening  or  filling  is 
indicated,  but  the  extent  of  deepening  or  filling 
is  not  definite,  the  Aerographer's  Mate  is  forced 
to  rely  on  experience  and  intuition  in  order  to 
prog  the  amount  of  deepening  or  filling.  Numeri- 
cal Weather  Prediction  Methods  do  forecast  the 
intensity  of  upper  waves  with  a  great  deal  of 
success.  If  available,  you  should  check  your 
intensity  and  movement  predictions  against 
these  prognoses. 

Extrapolation 

Patterns  of  upper  level  charts  are  more 
persistent  than  those  on  the  surface.  Therefore, 
extrapolation  gives  better  results  on  the  upper 
air  charts  than  on  surface  charts.  In  using 
pressure  changes  aloft,  the  procedure  is  to 
extrapolate  height  change  centers  and  add  the 
changes  to  the  current  height  values  in  order  to 
get  the  prognostic  map.  Changes  in  the  shape  of 
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!lie  upper  air  pattern  nuiy  Iv  forecast  hy  tliis 
method,  wherea.s  pure  evti-apolation  would  not 
indicate  these  variations. 

Use  of  Time  Diff  erentials 

The  time  differential  ciiart  is  discussed  in 
chapter  7  of  this  training  manual. 

The  time  differential  chart  for  the  500-mb 
level  shr-vs  the  historj-  of  what  changes  have 
taken  nwe  at  the  500-nib  level  at  ^24-hour 
inter. u's-.^  in  considering  the  information  on  the 
tinie  differentia!  chart,  those  centers  with  a  well 
defined  history  of  movement  will  be  of  greatest 
miportance.  'lake  into  consideration  not  onlv 
the  amount  of  movement,  but  also  the  changes 
in  intensity  of  the  centers.  Single  centers  with 
no  apparent  history  should  be  treated  with 
caution  especially  with  regard  to  their  direction 
of  movement  which  is  usually  in  a  downstream 
position  from  their  current  position.  The  infor- 
mation as  indicated  on  the  time  differential 
chart  should  be  u.sed  to  .supplement  the  infor- 
mation already  obtained  from  jjrevious  consider- 
ations and  when  in  agreement  can  be  used  as  a 
guide  for  the  amount  of  changes  to  the  prog- 
nostic contours  in  a  given  area. 

Normally,  the  24-hour  height  rise  areas  can  be 
moved  with  the  speed  of  the  as.sociated  short 
wave  ridges  and  ti:e  speed  of  the  fall  centers 
with  the  .speed  of  the  as.sociaf^d  wave  troughs. 
Either  leave  the  intensity  of  the  height  change 
centers  unchar.ged  or  modifv  them  aocording  to 
past  ueveiopment.s.  it  must  be  remembered  that 
height  change  centers  may  be  present  due  to 
convergence  or  divergence  factors  and  may  not 
have  a  short  wave  trough  or  ridge  a.ssociated 
with  them.  However,  normally  with  short  wave 
indications,  a  change  center  will  appear  and 
move  in  the  direction  of  the  contour  flow.  Be 
cautious  not  to  move  a  height  change  center 
with  the  contour  flow  if  it  is  due  primarily  to 
convergence  or  divergence. 

Once  you  havi.-  progged  the  movement  of  the 
height  change  centers  and  determined  their 
.nagnitude.  apply  the  change  indicated  to  the 
height  on  the  current  500-mb  chart  and  use 
these  points  as  guides  in  eonstnicting  prognostic 
contours. 


Coasidenition  of  CA VTs 

As  mentioned  earlier,  by  conipariisji  the  am- 
plitude of  the  troughs  and  ridges  on  the  current 
chart  and  the  amplitude  as  determined  by  the 
CAVT  tables,  inten.sillcation  or  weakening  can 
be  determined, 

Isotherm-Contour  Rehtionship 

In  long  waves,  deepening  troughs  are  associ- 
ated with  cold  advection  to  the  west  side  of  the 
trough  and  niling  troughs  with  warm  adveetion. 
the  converse  is  true   for  ridges.  Warm  air 
advection  into  the  western  side  of  a  ridge 
indicates  intensificaMon  and  cold  air  adveetion 
indicates  weakening.  This  rule  is  least  applicable 
cast  of  the  Continental  Divide  and  probably  east 
of  any  high  mountain  range  where  winds  are 
from  the  west.  In  short  waves,  deepening  short 
wave  trouglis  have  cold  air  advection  into  the 
west  side  of  the  trough,  particularly  if  a  jet 
maximum  is  in  the  northerly  current  of  the 
trough  and  filling  is  indicated  by  warm  air 
advection  on  the  western  side. 

In  the  above  paragraph,  the  advection  is  not 
the  cause  of  the  intensity  changes,  but  rather  is  a 
"sign"  of  what  is  occurring.  High  level 
convergence/divergence  is  the  cau.se 

Effect  of  Super  and 
Subgradient  Winds 

Fijjure  8-s  (A)  through  (D)  shows  tlie  effect  of 
the  location  of  ma.ximum  winds  on  the  intensity 
of  troughs  and  ridges. 

Explanation  of  figure  8-5  is  as  follows: 

1.  When  the  strongest  winds  aloft  are  the 
westerlies  on  the  western  side  of  the  trough  the 
trough  deepens  (fig.  8-5(A)). 

2.  When  the  -strongest  winds  aloft  arc  the 
westerlies  in  the  southern  quadrant  of  the 
trough,  the  trough  moves  rapidly  eastward  and 
does  not  change  in  intensity  (fig.  8-5(B)). 

3.  When  the  strongest  winds  are  the  south- 
westerlies  between  the  trougn  and  the  down- 
stream ridge,  the  trough  decrea.ses  in  intensity 
(fig.  8-5(C)).  ^ 

4.  Sharply  curved  ridges  with  excessive  con- 
tour gradients  are  unstable  and  rotate  rapidly 
clockwise,  causing  large  iicight  ri.sesanr  filling  in 
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the  trough  .iixM  clownstrccim  and  large  height 
tails  in  the  left  side  of  the  strong  gradient  ridge 
(fig.  8-5(D)). 


HEIGHT  RJS£S 


AG.553 

Figure  8-5.-Effect  of  super  and  subgradient  winds  on 
the  deepening  and  filling  of  troughs.  (A)  Strongest 
winds  on  the  west  side  of  trough;  (B)  strongest  winds 
in  southern  portion  of  trough;  (C)  strongest  winds  on 
east  side  of  trough;  (D)  excessive  contour  gradients. 


Convergence  and  Divergence 
Above  500  Millibars 

Study  the  300-mb  (or  ZOO-nib)  chart  to 
determine  areas  of  divergence  and  convergence 
and  note  these  areas  and  the  relative  strength 
and  extent  of  each  for  consideration  with  the 
movement  of  the  long  wave  and  progging  of 
contours. 

Convergence  and  divergence  are  covered  in 
chapter  4  of  this  training  manual.  As  a  review  of 
the  effects  of  convergence  and  cliveigence  on  the 


changes  in  the  intensity  of  troughs  and  ridges, 
we  have  the  following  rules.  Refer  to  chapter  4 
for  illustrations  of  these  rules. 

1.  Divergence  and  upp6r  height  falls  are 
associated  with  high  speed  winds  approaching 
cyclonically  curved  weak  contour  gradients. 
Divergence  results  in  height  falls  to  the  left  of 
the  higli  speed  current. 

2.  Convergence  and  upper  height  rises  are 
associated  with  low  speed  winds  approaching 
straight  or  cyclonically  curved  strong  contour 
gradients  and  with  high  speed  wind<^  approaching 
anticyclonically  curved  weak  contour  gradients. 

FORECASTING  THE  MOVEMENT 
OF  PRESSURE  SYSTEMS  ALOFT 

In  this  section  we  are  concerned  with  the 
movement  of  closed  pressure  systems  aloft.  In 
this  category'  we  find  both  anticyclonic  and 
cyclonic  centers. 

Movement  of  Highs 

SEMIPERMANENT  HIGHS.-The  semiperma- 
nent subtropical  highs  are  ordinarily  not  subject 
to  much  day  to  day  movement.  When  a  sub- 
tropical high  begins  to  move,  it  will  move  with 
the  speed  and  in  the  direction  of  the  associated 
ridge.  The  movement  of  the  ridge  (long  wave) 
has  already  been  discussed.  Too,  seasonal  move- 
ment, though  slower  and  over  a  longer  period  of 
time,  should  be  considered.  These  highs  tend  to 
move  poleward  and  intensify  in  the  summer  and 
move  equatorward  and  decrease  in  intensity  in 
the  winter. 

BLOCKS. -Blocks  will  ordinarily  persist  in 
the  same  geographic  location  unless  the  closed 
contours  of  the  high  are  strongly'eccentric:  that 
is,  they  are  of  uniform  shape  and  a  number  of 
closed  contours  are  present.  Blocks  will  move  in 
the  direction  of  the  strongest  winds  when 
contour  spacing  is  asymmetric:  their  motion  is 
eastward  when  the  westerlies  are  strongest  and 
westward  when  the  easterlies  are  strongest.  The 
speed  of  movement  of  these  systems  can  usually 
be  determined  more  readily  and  accurately  by 
extrapolation.  Extrapolation  should  be  used  in 
moving  he  highs  under  any  circumstance,  and 
the  results  of  this  extrapolation  should  be 
correlated  with  the  other  aspects  of  the  niove- 
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inent  and  intensity  prognoses  of  long  and  short 
waves. 

Some  indications  of  intensity  changes  which 
are  exhibited  by  low  tropospheric  charts 
(700-500  mb)  are  as  follows:  intensification  will 
ocair  with  warm  air  advectioii  on  the  west  side; 
weakening  and  decay  will  occur  with  cold  air 
advection  on  the  west  side;  and  there  is  little  or 
no  change  in  tlie  intensity  if  the  isotherms  are 
symmetric  with  the  contours.  This  low  tropo- 
spheric advection  is  not  the  cause  of  the 
intensity  change  but  is  only  a  ''sign."  The  cause 
is  at  higher  levels;  for  example,  intensification  is 
caused  by  high-level  cold  advection  and/or  mass 
convergence.  Under  low  index  situations  a 
blocking  higli  will  normally  exist  at  a  northern 
latitude  and  will  have  a  pronounced  effect  on 
the  systems  in  that  area;  in  general  it  will  slow 
the  movement.  Under  high  index  situations 
there  is  a  strong  west  to  east  component  to  the 
winds  and  systems  will  move  fairly  rapidly. 


Movement  of  Closed  Lows 

The  permanent  Icelandic  and  Aleutian  lows 
undergo  little  movement.  These  permanent  lows 
will  contract  or  expand  in  area;  occasionaUy 
split  into  two  separate  low  cells;  become  ec- 
centric; or  become  elongated  along  the  horizon- 
tal during  a  high  zonal  index  type  of  situation. 
The  north-south  displacement  is  due  primarily 
to  seasonal  effects.  The  movement  of  these 
permanent  lows  is  derived  primarily  from  ex- 
trapolation. 

EXTRAPOLATION,--Extrapolation  can  be 
used  at  times  to  forecast  both  the  movement 
and  the  changes  in  intensity  of  upper  air  closed 
lows.  This  method  should  be  used  in  con- 
junction with  other  methods  to  arrive  at  the 
predicted  position  and  intensity.  Figure  8-6 
shows  some  examples  of  simple  extrapolation  of 
both  movement  and  intensity.  Remember  there 
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Figure  S-B.-Simple  extrapolation  of  tha  movement  and  intensity  of  a  closed  low  on  the  700^mb  chart  (A)  Conrtant 
movement  and  filling;  |B)  constant  rate  of  change;  (C)  percentage  rate  of  change- 
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arc  iiiaiiv  Vciricitions  to  these  patterns  and  cadi 
case  must  be  treated  as  an  indi\idual  one. 

Figure  8-6  (A)  illustrates  a  forecast  in  which  a 
low  is  assumed  to  be  moving  at  a  constant  rate 
and  filling  at  a  const^.^t  rate.  Since  the  low  has 
moved  300  nautical  miles  in  the  past  24  hours,  it 
is  assumed  that  it  will  move  300  nautical  miles 
in  the  next  24-hour  period.  Similarlv,  since  the 
central  height  value  has  increased  b>  30  meters 
in  the  past  24  hours,  vou  would  forccast  the 
same  30  meters  increase  for  the  next  24  hours. 
While  this  procedure  is  very  simple,  it  is  seldom 
sufficiently  accurate.  It  is  often  refined  by 
consulting  a  sequence  of  more  than  two  charts 
to  deterniine  a  rate  of  change. 

This  principle  is  illustrated  in  figure  8-6(B). 
By  consulting  the  previous  charts  vve  find  the 
low  is  filling  at  a  rate  of  30  meters  per  24  hours 
and  therefore  this  constant  rate  is  predicted  to 
continue  for  the  next  24  hours.  Hovvever,  the 
rate  of  ino.ement  is  decreasing  at  a  constant  rate 
of  change  of  100  nauticai  miles  in  24  hours. 
Hence  this  constant  rate  of  change  of  movement 
is  then  assumed  to  continue  for  the  next  24 
liours  so  the  low  is  now  predicted  to  move  just 
200  nautical  miles  in  the  next  24  hours. 

Oftimes  neither  of  these  two  situations  exist 
and  both  the  rate  of  change  of  movement  and 
the  height  center  change  occur  at  a  percentage 
rate.  This  is  illustrated  in  figure  8-6(C).  From  a 
sequence  of  charts  24  hours  apart  it  is  shown 
that  the  low  is  filling  at  a  decreasing  rate  and 
moving  at  a  decreasing  rate.  The  height  change 
value  is  5^  percent  of  the  value  24  hours 
previously  on  the  successive  charts  and  the  rate 
of  movement  is  75  percent.  We  then  assume  this 
constant  percentage  rate  to  continue  for  the 
next  24  hours  so  the  low  is  forecast  to  move  225 
nautical  miles  and  fill  only  15  meters. 

Accelerations  may  be  handled  in  a  similar 
manner  as  decelerations  in  figure  8-6.  Also,  a 
sequence  of  12-hour  charts  could  be  used  in  lieu 
of  24-hour  charts  to  determirie  past  trends. 

CRITICAL  ECCENTRICITY. -When  a  migra- 
tory  system  is  unusually  intense,  the  system  may 
extend  vertically  beyond  the  300-mb  !evel. 
Advection  considerations,  contour-isotherm  re- 
lationships, convergence  and  divergence  con- 
jderations,  and  the  location  of  the  jet  max  will 
yield  the  movement  vector  These  principles  are 
'ipplied  in  the  same  manner  as  they  are  when  the 


movement  of  long  waves  are  determined.  The 
eccentricitv  formula  ma>  be  applied  to  derive  a 
movement  vector  but  onl>  when  a  nearly 
straight  eastward  or  westward  movement  is 
apparent.  Migrator\  lows  also  follovv  the  steering 
principle  and  the  mean  cliinatolog'  al  tracks. 
The  cliinatological  tracks  must  be  used  cau- 
tiouslv  for  the  obvious  reasons.  The  rise  and  fall 
centers  of  the  time  differential  charts  are  of 
great  aid  in  determining  an  extrapolated  move- 
ment vector  and  extrapolation  is  the  primary 
method  bv  which  the  niovenient  of  a  i-loscd  low 
is  determined. 

Certain  cutoff  lows  and  migratory  dviiamic 
cold  lows  lend  themselves  to  movement  calcula- 
tion by  the  eccentricity  formula.  The  conditions 
under  which  this  formula  may  be  applied  arc: 
The  low  must  have  one  or  more  closed  contours 
(nearly  circular  in  shape),  and  the  strongest 
winds  must  be  directly  north  or  south  of  the 
center.  The  location  of  the  max  winds  deter- 
mines the  direction  of  movement.  When  the 
strongest  winds  are  the  easterlies  north  of  the 
low,  the  low  moves  vvestvvard:  when  the 
strongest  winds  are  the  westerlies  south  of  the 
low,  the  low  will  move  castvvard.  The  low  will 
also  move  toward  the  weakest  diverging  cyclonic 
gradient  and  parallel  to  the  strongest  current. 
Systems  moving  eastward  must  have  a  greater 
speed  in  order  to  overcome  convergence  up- 
stream there  is  normally  convergence  east  of  a 
low  system. 

The  eccentricity  formula  is  vvrittcn: 

tc  =  V  -  V  -  2C 
or 

2C  =  V  -  V  -  Ec 

where 

Ec  is  the  critical  eccentricity  value. 

V  is  the  wind  ^^peed  south  of  the  closed  low. 

V  is  the  wind  speed  north  of  the  closed  low. 
C  is  the  speed  of  the  closed  low  (in  knots). 

In  order  to  obtain  the  value  of  C,  it  is 
necessary  to  determine  the  latitude  of  the  center 
of  the  low  and  the  spread  (in  degrees  latitude) 
between  the  strongest  winds  in  the  low  and  the 
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ilci  <»!  the  lou,  l-ntcr  table  <S-2  with  these 
i.iJ'JON:  .iiul  applv  the  labiihir  vahie  thus  obtained 
to  th.  critical  eccenlricity  fornuihi  to  obtain  2C, 
tiMiN  C  In  (letennininii  the  eritieal  eccentricity 
^^i  .f  It  is  necessary  to  interpohite  both 

u^r  I  iriiuilc  and  the  spread.  A  negative  vahie  for 
(  i*»du.:tcs  westward  movement:  a  positive 
'  .•'^v-  c:stw:ird  niovoinent. 

IMq  8.2.-CriticaI  Eccentricity  Value. 
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tiRlI)  MhniOl).  The  grid  method  as  ex- 
r!.i!!!ed  previously  for  short  waves  may  also  be 
^i  d  »  proi:  the  movement  of  closed  lows, 
il  '^^jvsi.  the  equations  must  be  modilled.  The 
•  \"'  factors  are  used  for  b«^th  methods. 
I     or**  .^hirc  is  as  follows: 

'  PI'  \'  ih:  center  of  the  grid  over  the  center 
:  I  u  with  the  line  DOC  hned  up  directly 
:"'rt!)i-M»'!?h. 

?  ik'L'hts  :!rc  then  read  off  the  500-inb 
b  iirht  fi.-fd  at  all  points  A  through  H. 

^         J  tht  following  fomuihis.  substitute 

-'his  ♦  >r  ihe  letters  in  each  equation  noting 
•  \  t  v.ihK-s  indicate  east/south  movement 
I  J  \ahies  West  north  movement. 

\'  11  \    I^)  'h  (C^  I))  +         p)|  =  east 
r  ucst  movement  in  degrees  hititude. 
»  "\    iU    I-)  h  iCr-  II)  +  (A^  {•)]  =  north 
or  south  movement  in  degrees  latitude. 

4  The  s:;nic  correction  of  minus  one  degree 
hititude  per  24-hour  period  should  be  apphed  to 
th-  \vcst  component  only  when  an  eastward 
Hi  n^.Miienl  is  indicated. 


5.  The  following  sources  of  error  have  been 
noted: 

a.  Lows  centered  in  troughs  flanked  by 

an  intense  ridge. 

b.  Small  lows  which  move  southeastward 

around  a  well  developed  ridge.  These 
lows  will  move  more  rapidly  than 
forecast  in  every  case. 

c.  Lows  centered   in  long-wave  troughs 

between  strong  ridges. 

d.  Cases  in  v/hici;  rapid  and  intense  sea 

level  development  occurred  just  ahead 
of  the  low. 

LOCATION  OF  THE  JirfSTRl-AM.  As  long 
as  a  jet  maximum  is  situated  or  movei  on  the 
western  side  of  a  low  this  low  will  not  move  out. 
When  the  jet  center  has  rounded  the  southern 
periphery'  of  the  low  and  is  not  followed  by 
another  center  upstream,  the  low  will  move  out 
rapidly  and  filL 

ISOTI IHRM-CONTOUR  RELATIONSHIP.  ^ 
Little  movement  will  occur  if  the  isotherms  and 
contours  arc  symmetrical  fno  advection).  The 
lows  will  strengthen  and  retrogress  if  cold  air 
advection  occurs  to  the  west  and  progress 
eastward  and  fill  if  warm  air  advection  occurs  to 
the  west. 

FORECASTING  THE  INTENSITY 
OF  PRESSURE  SYSTEMS  ALOFT 

Many  of  t!ie  same  considerations  as  explained 
in  the  previous  section  for  the  movement  of 
clcsed  centers  aloft  aI.so  apply  to  progging  their 
intensity,  as  in  most  cases  intensity  and  move- 
ment are  coiisidered  .simultaneously.  Extrapola- 
tion and  the  use  of  time  differentials  aid  in 
forecasting  the  change  and  the  magnitude  of 
falls  in  moving  lows.  Again,  the  rise  and  fall 
indications  must  be  correlated  with  advection 
considerations,  divergence  indications,  and  the 
other  factors  di.scussed  previou.sly. 

Progging  the  Intensity 
of  ft-essnre  Systems 

IIIGIIS,  -flighs  undergo  little  or  no  change  in 
intensity  when  i:>otherms  are  symmetric  with 
contours. 

Highs  intensify  when  warm  air  is  advected  on 
the  west  side  of  the  high. 
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Higli:>  brcjk  down  aiul  weaken  when  eokl  air 
is  adveetecl  on  the  west  side. 

Blocking  highs  usually  intensify  during  west- 
ward movement  and  weaken  during  eastwa^ii 
movement. 

Convergence  and  height  rises  downstrvam  in 
the  troughing  aren  occur  when  high-speed  winds 
with  a  strong  gradient  approach  low-spced  winds 
in  an  anticyclonic  wvak  gradient.  This  is  often 
the  case  in  ridges,  where  the  west  side  of  the 
ridge  harbors  the  high-speed  winds,  and  the  ridge 
intensifies  as  a  result  of  this  situation  due  to  the 
accumuhition  of  mass.  Accuniuhition  of  mass 
due  to  convergence  occurring  with  this  situation 
has  also  been  termed  ''overshooting/' This  high- 
level  anticyclogenesis  can  be  detected  at  the 
500-mb  level,  but  the  300-mb  level  is  better 
suited  for  this  and  will  yield  a  more  reliable 
result,  for  it  is  the  addition  or  removal  of  mass 
at  higher  levels  which  determines  the  height  of 
the  500-nib  contours. 

The  rise  and  fall  centers  of  the  time  differen- 
tial chart  indicate  the  changes  in  intensity  for 
extrapolation,  both  sign  and  magnitude.  If  other 
indicators  agree  with  the  rise  and  fall  indica- 
tions, progging  the  intensity  (or  the  change  in 
intensity  of  pressure  systems  aloft)  is  most  easily 
and  accurately  accomplished  by  extrapolating 
from  the  time  differential.  The  magnitude  of  the 
height  rises  can  be  adjusted  when  other  indica- 
tions reveal  that  a  slowing  down  or  a  speeding 
up  of  the  anticyclogenetic  processes  is  occurring 
and  expected  to  continue. 

LOWS. -Lows  and  cutoff  lows  intensify  when 
COLD  air  is  advected  to  the  west  and  they 
weaken  (or  fill)  when  WARM  air  is  advected  to 
the  west. 

Lows  weaken  when  a  jet  mn.ximum  rounds 
the  southern  peripliery  of  the  low  and  when  the 
jet  ma.x  is  on  the  east  side  of  the  low.  if  another 
jet  max  does  not  follow. 

Lows  strengthen  when  the  jet  ma.x  remains  on 
the  west  side  of  the  low.  The  qualification  here 
is  that  the  jet  max  to  the  west  of  the  low  may 
not  be  preceded  b>  another  on  the  southern 
periphery  or  eastern  periphery  of  the  low.  for 
this  indicates  no  change  in  intensity. 

The  24-hour  rise  and  fall  centers  aid  in 
extrapolating  both  the  change  and  the  magni- 
tude of  falls  in  moving  lows.  Again,  the  rise  and 
fall  indications  must  be  correlated  with  advec- 


tion  considerations,  divergence  indications,  and 
the  indications  of  the  contour-isotherm  rela- 
tionships. 

Progging  (he  Formation  of 
Pressure  Systems 

HIGHS. -Anticyclogenesis  is  ordinarily  not  a 
problem  in  progging  the  500-nib  level  (and 
higher  levels)  except  for  the  formation  of 
blocking  highs. 

The  shallow  cold  air  masses  of  polar  and 
Arctic  origin  generally  give  no  indication  of 
formation  at  the  500-nib  level,  and  higher,  and 
usually  do  not  extend  to  this  level  either.  The 
Aerographer's  Mate  must  look  for  indications  of 
this  type  of  anticyclone  at  the  lower  levels. 

High  level  anticyclogenesis  is  indicated  when 
low-level  warm  advection  is  accompanied  by 
stratospheric  cold  advection,  and  this  situation 
has  primar>'  application  to  the  formation  of 
blocks,  for  high-level  anticyclogenesis  is  pri- 
marily associated  with  the  formation  of  blocks 
and  the  intensification  of  the  ridges  of  the 
subtropical  highs.  The  intensification  of  the 
subtropical  highs  (the  ridges)  has  already  been 
treated. 

Blocks  should  nomially  be  forecast  to  form 
only  over  the  eastern  part  of  the  oceans  in  the 
middle  and  high  latitudes.  There  should  be 
present  north  to  northwestward  warm  advection 
and  northward  moving  height  rise  areas  or 
persistent  height  rises  at  the  higher  latitudes, 
especially  when  southerly  or  southeasterly  jets 
are  present  upstream. 

The  shallow  anticyclones  of  polar  or  Arctic 
origin  give  indications  of  their  genesis  primarily 
on  the  surface  and  the  850-nib  charts.  The  area 
of  genesis  will  show  progressiveK  colder  temper- 
ature at  the  surface  and  aloft:  however^  the  drop 
in  the  850-mb  temperatures  does  not  occur  .it 
the  same  rate  as  at  the  surface,  an  indication 
that  a  very  strong  inversion  is  in  the  process  of 
forming.  The  air  in  the  source  region  must  be 
relatively  stagnant. 

LOWS.  Cyclogenesis  has  a  number  of  indica- 
tors»  and  the  greater  the  number  of  indicators  in 
agijcment,  the  gtcaU^r  the  thance  of  success  in 
progging  cyclogenesis.  The>  are  as  follows. 

1.  Areas  of  divergence  exist  at  higher  levcU 
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2.  Jet  niaxinuinis  on  the  west  side  of  .i  low 
iiulieatc  tieepenins:  and  soiiilnvard  nio\enienl. 

3.  Cokl  advection  in  the  lower  troposphere 
ami  warniini;  in  the  lower  stratosphere  are 
asNOcialed  with  the  rorniaiion  of  or  intensillea- 
lion  of  lows. 

The  remainini;  problem  in  forecasting  the 
formation  of  lows  is  the  problem  of  prougiiiii  the 
formation  of  new  cutoff  lows.  I'lie  indications 
which  call  for  progging  new  cutoff  lows  arc: 

1.  They  generally  form  only  off  the  south- 
western coast  of  the  United  States  and  the 
northwestern  coastal  area  of  Africa. 

2.  The  upstream  ridgw*  intensifies  greatly  and 
assumes  an  "o\erlapping"  onenuilion.  An  inlen- 
sifving  ridge  upstream  is  recogm/ed  when  that 
ridge  contains  strong,  strengthening,  and  sus- 
tained sou th westerly  flow. 

3.  Strong  iiorllierlies  are  situated  in  the  west 
side  of  the  trough. 

4.  Height  falls  m()\e  south  or  southeastwwd. 

5.  Strong  cold  advection  appears  on  the  west 
side  of  the  upper  trough. 

Constructing  Prognostic  Contours 

The  constant  pressure  pHguostiv;  chart  is 
aboiil  to  take  form.  The  stc|  s  Lading  to  this, 
the  tlnal  sten,  lKi\e  been  discuvsed.  The  prog- 
nostic positioi  of  the  long  wa\e  troughs  and 
ridges  were  detcrmuK.I  and  plotted  on  tite 
tcntati\e  progno-tic  chart,  fhe  posil!c>ii  of  the 
highs,  low  >.  and  ..»iloff  ^enters  were  then  deter- 
mined and  plotted  on  the  lenlati\e  pnsgnosiic 
eiiiirl.  Slu  rt  waves  were  treated  in  a  similar 
fashion  Contours  an-  constructed  next,  connect- 
ing these  systems  in  the  fashion  exhibited  In  the 
constant  pressure  Jhartv  The  pattern  of  the 
contours  is  largely  determined  b\  the  position  of 
llie  long  waves,  sb.ort  waves,  and  closed  pressna- 
systems.  The  height  vilues  of  the  contours  are 
determined  by  actual  changes  in  intensity  <  f  the 
system  an.d  by  sinipic  advection  of  higher  or 
lower  values.  Contc.'irs  are  drawn  in  accordance 
with  the  followii^g  six  steps: 

I  Outline  the  areas  of  warm  and  cold  advec- 
tion in  the  stratum  between  500  and  200  mb 
and  move  the  thickness  lin^s  at  approximately 
50  percent  of  the  indicated  thickness  gradient  in 
the  direction  of  the  thermal  wind. 


2.  Tenlali\el>  note  at  several  points  on  the 
prognostic  chart  the  increase  or  decrca.se  in  the 
height  of  the  constant  pressure  surface  over 
existing  height  \alues. 

3.  Move  the  areas  of  24-liour  height  rises  and 
falls  at  the  speed  of  the  short  waves  and  note  at 
se\eral  key  points  the  asnount  and  direction  of 
the  height  change  Irom  the  current  chart. 

4.  Adjust  the  advected  height  changes  to  the 
height  changes  indicated  by  the  rise  and  fall 
areas  and  adjust  these  in  turn  for  position  to  the 
position  of  long  waves,  pressure  systems,  and 
short  waves. 

5.  Heights  for  selected  points  at  500  mb  are 
then  extrapolated  or.  the  basis  of  the  24-liour 
time  differential  indications  and  advection  con- 
siderations, provided  that  they  arc  jiistilled  by 
the  indications  of  liigli-le\el  convergence  and 
divergence.  When  the  contributior^  from  advec- 
tion and  time  differentials  are  not  in  tgreement 
with  convergence  anil  ilivergenee  (which  is  rarely 
tile  ease),  adjust  the  contrilnition  of  each  and 
use  this  adjusted  value. 

6.  Finally,  adjust  the  height  values  thus  indi- 
cated to  the  forecast  intensity  of  the  systeias. 
These  adjustments  can  lead  to  one  of  three 
possibilities  for  each  system: 

a.  \l!  factors  point  toward  intensification 
(deepening  of  lows-lillin^,.  of  hi^hs». 

b.  One  factor  washes  awa>  the  coiitrilni- 
iiov  made  b\  another  and  tiic  system  remains  at 
or  near  its  present  state  of  intensity. 

c  \ll  factors  point  toward  weakening  of 
the  system. 

7.  Skcfch  the  preliminary  contours,  con- 
necting tiiL  forecast  positions  ol  the  long  v/avcs, 
sb.ort  waves,  .'nd  the  pressure  systems  with 
Lontours  witl;  the  height  values  detennmed  by 
steps  I  through  5  above. 

The  last  step  in  the  construction  of  a  con.stant 
pressure  prognost'c  chart  is  to  cheek  the  chart 
for  these  following  points:  The  chart  .should 
follow  continuity  frc  t  the  exi.stiiig  pattern.  It 
should  be  vertically  consistent  and  rational  in 
the  horizontal.  It  .should  not  deviate  from  the 
sea.sonal  pattern  unless  substantiated  beyond 
doubt,  and  unless  indicators  dictate  otherwise,  it 
should  follow  the  normal  patterns. 

Now  draw  the  suiootli  contours,  troughs, 
ridges,  highs,  and  lows,  and  adjust  the  gradients. 
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AG,555 

Figure  8-7.-700-mb  height  24  hour  prognosis.  Contour  interval  60  meters. 
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Application  of 
Satellite  Products 

Satellite  cloud  pictures  provide  the  foreLa.ster 
with  Miformation  that  may  be  utilized  along 
with  already  discussed  techniques  in  forecasting 
the  movement  and  iiitensitv  of  troughs,  ridges, 
and  pressure  systems  aloft  As  discussed  in 
previous  chapters  the  satellite  pictures  should  be 
compared  with  the  analy/.cd  products  so  tluit 
these  charts  reflect  ;  true  picture  of  the  atmo- 
sphere. Corrected  charts  utili/.ed  in  preparing 
prognostic  charts  and  forecasts  will  insure  a 
greater  degree  of  accuracy  and  validity. 

Some  of  the  more  significant  features  which 
can  be  useful  iii  assisting  the  forecaster  in 
producing  his  prognostic  upper  air  charts  are 
ixxsiiive  vorticity  atlvection  maximum  (PVA 
maximum),  the  cloud  patterns  as.sociated  with 
the  upper  level  troughs  and  ridge.s,  as  well  as 
cloud  patterns  that  are  indicative  of  the  wind 
llow  aloft. 

All  of  the.se  features  and  how  to  uiilize  them 
are  discu.s.sed  in  Air  Wer*H.or  Service  l  echnical 
Report  212,  Application  Meteorological  Sat- 
ellite Data  in  Analysis  and  Forecasting,  as  well  as 
Chapter  7  of  this  manual.  Naval  Air  Systems 
CommaiuK  Naval  Weapons  Engineering  Support 
Activity  (FAMOS)  publication.  Guide  for  Ob- 
serving the  Finvironment  with  Satellite  Infrared 
Imagery.  {NWRF-F-0970-l 58),  as  wdl  as  Tech 
Report  212,  contains  .series  of  .satellite  photo 
graphs  and  a.ssociated  ^.harts  for  various  phciioni- 
ena  with  detailed  explanations. 

Foivca.sters  .should  become  familiar  with  in- 
formation contained  in  both  of  these  publica- 
tions to  apply  the  .satellite  photographs  most- 
effectively  to  their  prognostic  chart.s. 

Application  of 
Computer  Products 

The  National  Meteorological  Center  produces 
and  distributes  via  the  National  FaLsimilc  Net- 
work a  number  of  varied  computer  prognostic 


charts.  Some  of  the  more  useful  upper  air 
prognostic  charts  are  the  24,  36,  48,  and  72 
hour  constant  pressure  prognostic  charts. 

Various  level  upper  air  prognostic  charts  with 
vai-ying  valid  times  are  transmitted  via  facsimile 
daily.  Items  included  on  the  charts  will  vary  on 
an  individual  basis,  with  respect  to  the  follow- 
ing: contours  for  the  particular  height,  i.sotachs, 
and  isotherms. 

The  forecaster  may  utilize  these  charts  di- 
rectly for  preparing  his  forecast  or  in  conjunc- 
tion with  his  own  prepared  products.  A  com- 
plete listing  of  charts  available  with  description 
is  found  in  the  National  Weather  Service  Fore- 
caster's Handbook  No.  I -Facsimile  products. 

The  Fleet  Numerical  Weather  Central  also 
prepares  a  large  number  of  computer  products 
for  upper  air  forecasting.  These  include  the 
various  constant  pressure  level  progs,  500-mb 
small  scale  disturbance  progs  (SD).  and  500-inb 
residual  or  long  wave  prognosis  (SR).  The  U.S. 
Naval  Weather  Service  Computer  Products  Man- 
ual (NAVAIR  50-IG-522)  contains  a  detailed 
listing  of  charts  available.  Figures  8-7  and  8-8  are 
examples  of  the  computer  products  produced  by 
the  Navy. 

SiNGLE  STATION  FORECASTING 

With  the  advanced  methods  of  communica- 
tions and  weather  observing  techniques  most 
.stations  will  have  an  abundance  of  information 
for  preparation  of  forecast.s.  However,  aboard 
.ship  single  station  forecasting  techniques  are 
frequently  employed  due  to  sparsity  of  reports 
or  communications  problems. 

Clo.se  analy.sis  of  upper  air  .soundings  and 
.surface  conditions  will  provide  the  forecaster 
with  a  means  of  determining  changes  that  are 
occurring  in  the  atmo.sphere  and  utilize  this 
information  in  preparation  of  his  forecast.s. 

Detailed  information  on  single  station  fore- 
casting is  contained  in  the  Handbook  of  Single 
Station  Forecasting  Techniques  (NA  50-IP-52O) 
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CHAPTER  9 

FORECASTING  SURFACE  SYSTEMS 


With  the  upper  air  prognosis  completed,  the 
next  step  is  to  construct  the  surface  prognostic 
chart  Since  there  are  more  data  available  for  the 
surface  chart,  and  this  chart  is  chietly  the  one 
which  the  Aerographer's  Mate  will  base  his 
forecast,  prognosis  of  this  chart  should  be 
carefully  constructed  to  give  the  most  accurate 
picture  possible  for  the  ensuing  period.  The 
surface  prog  may  be  constructed  for  periods  up 
to  72  hours,  but  normally  the  period  is  36  hours 
or  less.  In  local  terminal  forecasting,  the  period 
may  range  from  1  to  6  hours.  Time  langes  over 
36  hours  are  highly  subjective  and  are  of  little 
value  because  of  their  doubtful  reliability. 

Construction  of  the  surface  prog  consists  of 
three  main  tasks.  They  are: 

1.  Progging  the  formation,  dissipation,  move- 
ment, and  intensity  of  pressure  systems. 

2  Progging  the  formation,  dissipation,  move- 
ment, and  intensity  of  fronts. 

3-  Progging  the  pressure  pattern;  that  is,  the 
isobaric  configuration  and  gradient. 

From  an  accurate  forecast  of  the  foregoing 
features,  you  should  be  able  to  forecast  the 
weather  phenomena  to  be  expected  over  the 
area  of  interest  for  the  forecast  period. 

FORECASTING  THE  FORMATION 
OF  NEW  PRESSURE  SYSTEMS 

The  central  problem  of  surface  prognosis  is  to 
predict  the  formation  of  new  low-pressure  cen- 
ters. This  problem  is  so  interrelated  to  the 
deepening  of  lows,  that  both  problems  are 
considered  simultaneously  when  and  where  ap- 
plicable. This  problem  mainly  evolves  into  two 


categories.  One  is  the  distribution  of  fronts  and 
air  masses  in  the  low  troposphere,  and  the  other 
is  the  velocity  distribution  in  the  middle  and 
high  troposphere.  The  rules  applicable  to  these 
two  conditions  are  discussed  when  and  where 
appropriate. 

For  the  principal  indications  of  cyclogenesis, 
frontogenesis,  and  windflow  at  upper  levels, 
refer  to  chapters  4  and  5  of  this  training  manual. 

The  utilization  of  hand  drawn  analysis  and 
prognostic  charts  for  forecasting  the  develop- 
nK.nt  of  new  pressure  systems  is  in  many  cases 
too  time  consuming  to  be  effective.  For  most 
cases  the  forecaster  will  generally  rely  on  satel- 
lite photographs  and/or  computer  drawn  prog- 
nostic charts  to  use  in  preparing  this  ty.pe  of 
forecast. 

In  order  to  most  effectively  use  satellite 
photographs  it  is  necessary  that  the  forecaster 
become  familiar  with  satellite  pictures,  be  able 
to  interpret  the  pictures  properly,  and  associate 
them  with  the  corresponding  surface  phe- 
nomena. 

AirWeaMicr  Service  Technical  Report  2)2  and 
the  Navy  Weather  Research  facility  Detachment 
Suitland,  Project  FAMOS  publication,  Guide  for 
Observing  the  Environment  with  Satellite  Infra- 
red Imagery  (NWRF  F  0970-158),  both  contain 
much  useful  information  that  the  forecaster 
should  be  aware  of. 

The  widespread  cloud  patterns  produced  by 
cyclonic  disturbances  represent  the  combined 
effect  of  active  condensation  from  upward 
vertical  motion  and  horizontal  advection  of  a 
cloud.  Storm  dynamics  restrict  the  production 
of  cloud  tu  those  areas  within  a  storm  where 
extensive*  upward  vertical  motion  or  active  con- 
vecticn  is  taking  place.  For  disturbances  in  their 


ERIC 


(1iapter9  rORPX^XSTING  SURFACI:  SYSTILMS 


early  stages.  Ihe  hniils  ol  ilic  vertical  iiiotioii 
clistrihuiioii  comprise  the  most  important  lactor 
controlling  douJ  Jistiihiition.  Ihe  comma 
shaped  cloud  I'ormation  vshich  precedes  an 
uppei  tiopospheric  u)rticit>  maximuni  is  an 
example.  Here,  the  clouds  are  closeK  related  to 
the  upward  motion  nioduced  by  positi\e  voitic- 
ity  advcction  (PVA)  In  many  cases  this  cloud 
may  he  relerrcd  to  as  the  PVA  Max.  See  figure 
9-1. 
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Figure  9-1.— A  weM  developed  comma-shaped  cloud  is 
the  result  of  n  moving  vorticity  center  to  the  rear 
of'the  polor  front.  The  comma  cloud  is^composed 
of  middle  and  high  clouds  over  the  lower*level 
cumulus  and  is  preceded  by  a  clear  slot. 

Wave  oi  low  development  along  an  already 
exisling  ironi  may  be  delected  IVoni  satellite 
photographs  by  c(.)iaclly  interpreting  them.  In 
figure  9-2  a  sccondaiy  vtjrticily  cenlei  is  shown 
approaching  a  iVontal  /.one. 

The  large  cloud  mass  at  A  dig.  9-2)  is 
a,ssocialed  with  a  secondary  vorticity  center 
which  has  moved  close  to  the  front.  Inteiaction 
between  this  voilicity  center  <md  the  front  will 
result  m  the  development  anothei  wave  near 
B. 
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Figure  9-2.— Frontal  wave  development. 

By  recogJM/.ing  the  vorticity  center  and  deter- 
mining its  movement  from  successive  satellite 
photographs  the  forecaster  should  be  able  to 
predict  accurately  and  with  coiindcnce  the 
formation  of  tliv  second  low  pressure  system. 

Computer  drawn  charts  also  provide  the 
forecaster  with  another  tool  for  forecasting  the 
development  of  new  pressure  systems.  These 
prognostic  charts  may  be  used  directly  to 
prepare  his  forecast  or  he  may  utilize  a  number 
of  tlRMP  to  construct  other  charts  that  will  aid  in 
forecasting. 

On  of  the  most  useful  clKu'ts  in  determining 
changes  in  suiface  pressure,  frontogcnesis,  front- 
olysis,  and  development  oi  new  pressure  systems 
IS  the  advcction  chart.  The  normal  methods  of 
construction  arc  linic  consuming,  however,  by 
utili/.mg  computer  charts  the  chart  may  be 
constructed  in  a  fraction  of  the  normal  time. 

fhc  700-mb  and  1000-  500-mb  thickness 
cluiils  should  be  utili/.cd  in  construction  of  the 
advcction  chait.  The  700-nib  contours  have  been 
I'ouni!  to  approxinia^  '  the  mean  wind  vector 
between  the  1000-  .      500-mb  level.  On  the 
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1000-  500-mb  (H5-I0)  thickness  chart  the  con- 
lours  depict  the  following:  thermal  wind  which 
blows  parallel  and  downwind  to  the  thickness 
lines,  mean  virtual  temperature,  and  mean  dens- 
ity. For  advection  purposes  only  mean  virtual 
temperature  should  be  used.  Meteorologically 
speaking,  we  know  that  lines  of  greater  thickness 
represent  relatively  warmer  air  than  lines  of  less 
thickness.  If  the  established  advection  pattern  is 
replacing  higher  thickness  values  with  lower 
thickness  values,  then  it  must  be  advecting 
cooler  air  (convergence  and  divergence  not 
considered).  The  opposite  of  this  is  also  true. 
The  changing  of  thickness  values  can  be  deter- 
mined by  the  mean  wind  vector  within  the  layer 
of  air.  The  700-mb  contours  will  be  used  as  the 
mean  wind  vectors. 

The  advection  chart  should  be  constructed  in 
the  following  manner: 

1.  Place  the  thickness  chart  over  the  700-nib 
chart  and  line  up  properly. 

2.  Remembering  that  the  700-mb  contours 
represent  the  mean  wind  vector,  place  a  red  dot 
indicating  warm  air  at  all  intersections  where  the 
mean  wind  vector  is  blowing  from  higher  to 
lower  thickness  values. 

3.  U^ing  the  same  procedure  place  a  blue  dot 
at  all  intersections  where  the  mean  wind  vector 
is  blowing  from  lowei  to  higher  thickness  values. 

The  placing  of  red  and  blue  dots  need  not  be 
done  for  the  entire  chart  but  only  for  the  area  of 
interest. 

Now  to  utilize  this  advection  chart  it  should 
be  compared  against  the  cha.t  from  the  preced- 
ing 12  hours.  From  comparison  of  amount  of 
red  and  blue  dots  it  can  be  dctermin^id  if  there 
has  been  an  increase  or  decrea^**  m  the  amount 
of  warm  or  cold  air  advection  in  a  particular  area 
as  well  as  if  there  has  been  any  change  in  the 
intensity  of  advection. 

The  advection  type  and  amount  as  well  as 
change  then  can  be  applied  to  determine  the 
possibility  of  new  pressure  system  development. 

FORECASTING  THE  MOVEMENT  OF 
SURFACE  SYSTEMS 

Whether  you  move  the  high-  or  low-pressure 
area  first  is  a  matter  of  choice  for  the  forecaster. 
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Most  forecasters  prefer  to  move  the  low-pressure 
area  first  and  then  the  high-pressure  area. 

MOVEMENT  OF  LOW- 
PRESSURE  AREAS 

Lows  determine,  to  a  large  extent,  the  frontal 
positions.  They  al.so  determine  a  portion  of  the 
isobaric  configuration  in  highs  by  virtue  of  the 
fact  that  gradients  readjust  between  the  two  and 
the  high  seems  to  give  way  to  the  low.  Although 
highs  and  lows  are  each  possessed  of  their 
internal  energy  for  motion,  there  is  present  a 
source  of  energy,  derived  from  their  interaction 
and  which  might  be  described  as  derived  from  a 
rotating  earth;  that  is,  independent  of  the 
systems.  As  a  result  of  knowing  the  interplay  of 
energy  in  the  .systems,  meteorologists  were  able 
to  evolve  rules  and  methods  for  progging  the 
movement,  formation,  intensification,  and  dissi- 
pation of  lows. 

Extrapolation 

Extrapolation  is  also  called  the  path  method. 
First  and  foremost  in  your  forecast  of  the 
movement  of  the  low  should  be  its  past  history. 
It  is  a  record  of  movement  of  the  pressure 
centers  and  attendant  fronts,  their  direction  and 
.speed,  and  their  intensifications.  From  this  past 
history  we  can  draw  many  valid  conclusions  as 
to  the  future  behavior  of  the  system  and  its 
future  motion.  This  technique  is  valid  for  both 
highs  and  lows  for  short  periods  of  time. 

The  general  procedure  for  the  extrapolation 
of  low-pressure  areas  is  outlined  below.  Al- 
though only  movement  is  covered,  the  central 
pressures  with  anticipated  trends  could  be  added 
to  obtain  an  intensity  forecast, 

I .  Trace  in  at  least  four  consecutive  positions 
of  the  center  at  equal  time  intervals  (6-  or  12-hr 
intervals).  Place  an  encircled  X  over  each  one  of 
these  positions  and  connect  them  with  a  dashed 
line.  (See  fig.  9-3.)  Knowing  the  speed  and 
direction,  as  obtained  from  past  charts,  it  can 
easily  be  deducted  where  the  position  of  highs 
or  lows  are  on  the  present  chart  and  extrap- 
olated movement  for  the  ensuing  period  can  be 
made  on  this  basis.  One  word  of  caution- 
straight  linear  extrapolation  is  seldom  valid 
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Figure  9-3.— Example  of  extrapolation  procedure. 
X  is  the  extrapolated  position. 

beyoiul  12  liouns.  Beyond  this,  modificcinons, 
iiiteiibilKation,  JeceleMlion  or  dcceleralioiK  diid 
changes  in  the  path  must  be  taken  into  consider- 
ation. It  is  extremely  important  that  valid 
history  be  followed  from  map  to  map.  Systems 
do  not  normally  appear  out  of  nowhere,  nor  do 
they  just  disaopear. 

In  short,  the  extiapolation  procedure  mvolves 
two  basic  operations.  First,  a  free  hanu  extrap- 
olation of  tlie  path,  and  second,  an  adjustment 
based  on  a  comparison  between  the  present 
chart  and  the  precedmg  one.  For  example,  the 
prolonged  path  of  a  cyclone  center  must  not  run 
into  a  stationary  or  quasi-stationaTy  anticyclone, 
notably  the  stationary  anticyclones,  over  conti- 
nents in  winter.  When  the  projected  path  points 
toward  such  anticyclones,  it  will  usually  be 
found  that  the  speed  of  the  cyclone  center 
decreases  and  the  path  curves  northward.  This 
path  will  continue  northward  until  it  becomes 
parallel  to  the  isobars  around  the  quasi- 
stationary  higli.  The  speed  of  the  center  will  be 
least  where  the  curvature  of  the  path  is  greatest. 
When  the  center  resumes  a  more  or  less  straight 
path,  the  speed  again  increases. 

Isallobaric  Indications 

It  has  been  a  well-known  fact  for  many  years 
that  lows  tend  to  move  toward  the  center  of  the 


largest  3-hr  pressure  falls.  This  is  usually  tiic 
point  where  the  maximum  warm  airadvoctiou  is 
taking  place.  One  such  method  'ising  the  isalh>- 
baric  maxinums  and  minimum^  is  iliscUssod 
later  in  the  chapter. 

Figure  9-4  shows  the  movement  of  an  occlud- 
ing  wave  cyclone  through  its  stages  of  develop* 
ment  in  relation  to  the  surface  press»ire  tendon 
cies.  This  one  factor  cannot  he  used  alone. 
Several  methods  including  this  indicaJion  shouivi 
be  utilized  to  arrive  at  the  final  forecast.  Too, 
you  should  remember  that  the  process  depicti\l 
in  this  illustration  takes  place  over  several  days, 
and  many  other  factors  enter  into  the  suh- 
,sequent  movement. 

Circular,  or  nearly  circular,  cyclonic  centers 
generally  move  in  the  direction  of  the  isalloharii 
gradient;  that  is,  in  the  direction  of  the  greater 
pressure  falls.  Anticyclone  centers  move  in  the 
opposite  direction.  The  speed  is  directly  propor- 
tional to  the  isallobaric  gradient. 

Troughs  move  in  the  direction  of  tii..  i,allo 
baric  gradient,  and  ridges  move  in  the  opposite 
direction.  (See  fig.  9-5) 

Relative  to  Wai::i  Sector  Isobars 

Warm,  unoccluded  lows  move  in  the  direction 
of  the  warm  sector  isobars  if  those  isoluns  ,iU 
straight.  These  lows  usually  have  straight 
(fig.  9-6(A)),  whereas  old  occluded 
usually  have  paths  that  are  curved  noitliv.,ud 
(fig.  9-6(B)).  The  speed  of  the  cyclones  appioxi- 
mates  the  speed  of  the  warm  air. 

Whenever  either  of  the.se  rules  is  in  conlli^t 
with  upper  air  rules,  it  is  better  to  use  the  upi^r 
air  rules. 

Relative  to  Frontal  Movement 

The  movement  of  the  pre,s,sure  systciii.  luu  t 
be  reconciled  with  the  movement  of  the  as.^u 
ated  fronts  if  the  fronts  are  progged  indcpci*J 
ently  of  the  pressure  ,systems.  Two  gencia!  iui^ . 
are  in  use  regarding  the  relationship  ol  ih. 
movement  of  lows  to  the  movement  of  the 
associated  fronts;  First,  warm  core  lows  are 
steered  along  the  front  if  the  front  is  stationary 
or  nearly  so;  and  second,  lows  tend  to  move 
with  approximately  the  warm  front  speed  uud 
somewhat  slower  than  tho  cold  front  speed. 
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Steering 

Almost  since  the  inception  of  synoptic 
weather  maps,  meteorologists  have  experi- 
niented  with  the  idea  of  moving  pressure  sys- 
tems with  an  upper-level  steering  current.  This 
principle  is  based  on  the  concept  that  pressure 
systems  are  moved  by  the  external  forces  operat- 
ing on  them,  just  like  a  block  of  wood  drifting  in 
water.  Thus,  i:  might  be  said  that  a  surface 
pressure  system  tends  to  be  steered  by  the 
isotherms,  contour  lines,  or  streamhnes  aloft,  by 
the  ♦varm  sector  isobars,  or  by  the  orientation  of 
a  warm  front.  This  principle  is  neariy  always 
applied  to  the  relationship  between  the  velocity 


of  a  cyclone  and  the  velocity  of  the  basic  flow  i;i 
which  it  is  embedded. 

The  method  works  best  when  the  tlow  pat- 
tern changes  very  slowly  or  not  at  all.  If  the 
upper  flow  pattern  is  expected  to  change  greatly 
during  the  forecast  period,  we  must  first  forecast 
the  change  in  this  pattern  prior  to  forecasting 
the  movement  of  the  surface  pressure  systems. 
Do  not  attempt  tc*  steer  a  .surface  system  by  the 
tlow  of  an  upper  ^evel  that  has  closed  contour^ 
above  the  surface  system.  When  using  the 
steering  method,  we  must  first  consider  the 
systems  which  are  expected  to  have  little  or  no 
movement,  namely,  vsarm  highs  and  cold  lows. 
Then,  consider  movement  of  migratory  highs 
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Figure  9 -5 .-Movement  of  troughs  and  ridges  in  relation  to  the  isallobaric  gradient. 

mum  is  tbilowed  by  a  closed  isallobnric  maxi- 
mum some  distance  to  the  rear  of  the  low. 

The  steering  flow  or  current  is  the  basic  flow 
which  exerts  a  strong  influence  upon  the  direc- 
tion and  speed  of  movement  of  disturbances 
embedded  in  it.  The  steering  current  on  layer  is  a 
level  or  a  combination  of  levels  in  the  atmos- 
phere which  has  a  definite  rehitionship  to  the 
velocity  of  movement  of  the  embedded  lower 
level  circulations.  The  movement  of  surface 
systems  by  this  flow  is  the  most  direct  appHca- 
tion  of  the  steering  technique.  Normally,  the 
level  above  the  last  closed  isobar  is  selected.  This 
could  be  the  700-,  500-.  or  300-mb  level. 
However,  in  practice  it  is  better  to  integrate  the 
steering  principle  over  more  than  one  level.  The 
levels  most  often  used  are  the  700-  and  500-mb 
levels. 

For  practical  usage,  the  present  700-  or 
500-mb  chart  should  be  used  in  conjunction 
with  the  24-  or  36-hr  prognostic  charts  for  these 
levels.  In  this  way,  changes  both  in  space  and 
time  can  be  compensated  for.  For  a  direct 
appHcation  for  a  short  period  of  time,  transfer 
the  position  of  the  low  center  to  the  concurrent 
700-mb  chart.  For  direction,  move  the  center  in 
the  direction  of  the  contours  downstream  and 
,slightly  inclined  to  the  left  for  low-pressure 
ureas.  Experience  with  moving  systems  of  this 
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Figure  9-6.— Movement  of  lows  in  relation  to  warm 
sector  Isobars.  (A)  Movement  of  warm  sector  lows; 
(B)  movement  of  old  occluded  cyclones. 

and  lows;  and  finally,  consider  the  changes  in 
the  intensity  of  the  systems. 

In  studies  using  the  steering  technique,  it  was 
found  in  most  cases  that  there  was  a  displace- 
ment of  the  lows  poicward  and  the  highs 
equatorward  of  the  steering  current.  Therefore, 
expect  low-pressure  centers,  especially  those  of 
large  dimension,  to  be  deflected  to  the  left  and 
high-pressure  areas  deflected  to  the  right  of  a 
westerly  steering  current.  Over  North  America 
the  angle  of  deflection  averages  about  15  de- 
grees, although  deviations  range  from  0  to  25  or 
even  30  degrees. 

CAUTION:  The  steering  technique  should  not 
be  attempted  unless  the  closed  isallobaric  mini- 
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type  will  soon  tell  you  how  much  ilevuilion 
should  be  made.  Tor  speed  of  the  burlace 
cyclone,  average  the  basic  current  downstream 
over  which  the  cyclone  will  pass  (take  into 
consideration  changes  in  direction  and  speed  of 
flow  over  the  forecast  period).  Take  70  percent 
oT  this  value  lor  the  mean  speed  for  24  hours. 
Move  the  low  center  along  the  contours  as 
described  above  for  this  speed  for  24  hours.  This 
should  be  your  position  at  that  time. 

For  the  500-inb  chart,  follow  the  same 
procedure  except  use  50  percent  of  the  wind 
speed  for  movement.  If  these  two  are  not  in 
agreement,  take  a  mean  of  the  two.  There  may 
be  cases  wliere  the  500-mb  chart  is  the  only  one 
used.  In  this  case  you  will  not  be  able  to  check 
the  movement  against  the  700-mb  chart. 

The  following  empirical  relationships  and 
rules  for  steering  should  be  taken  into  account 
when  using  the  steering  technique: 

1.  Warm,  unoccluded  lows  are  steered  by  the 
current  at  the  level  to  which  the  closed  low  does 
not  extend.  When  .so  steered.  lows  tend  to  move 
slightly  to  the  left  of  the  steeling  current. 

2.  W  arm  lows  (unoccluded)  are  steered  with 
the  upper  How  if  a  wcll-dellned  jet  is  over  the 
surface  center  or  if  there  is  no  appreciable 
fanning  of  the  contours  aloft.  Low-pressure 
systems,  especially  when  large,  lend  to  move 
slightly  to  the  left  of  the  steering  current. 

3.  Rises  and  falls  follow  downstream  along 
the  500-mb  contours,  the  speed  is  roughly  half 
of  llie  500Miib  gradient.  Three-hour  rises  and 
falls  seem  to  move  in  the  direction  of  the 
700-mb  flow:  while  24-hr  rises  and  falls  move 
with  the  500-mb  flow. 

4.  Cold  lows,  with  nearly  vertical  axes,  are 
steered  with  the  upper  low  (in  the  direction  of 
upper  height  falls),  parallel  to  the  strongest 
winds  in  the  upper  low,  and  toward  the  weakest 
contour  gradient. 

5.  Occluded  lows,  the  axes  of  which  are  not 
vertical,  are  steered  partly  in  the  direction  of  the 
warm  air  adveclion  area. 

6.  A  surface  low  which  is  becoming  a.s.soci- 
ated  with  a  cyclone  aloft  will  slow  down, 
become  more  regular,  and  follow  a  strongly 
cyclonic  trajectory. 

7.  .Surface  lows  are  steered  by  jet  maximums 
above  them  and  deviate  to  the  left  as  they  are  .so 


steered.  They  move  at  a  slower  rate  than  the  jet 
maximum  and  are  soon  left  behind  as  the  jet 
progresses. 

8  During  periods  of  northwesterly  flow  at 
700  nib  from  Western  Canada  to  the  Eastern 
United  States,  .surface  lows  move  rapidly  from 
NW  to  SE  bringing  cold  air  outbreaks  east  of  the 
Continental  Divide. 

9.  If  the  upper  height  fall  center  (24-hr)  is 
found  in  the  .direction  in  which  the  surface 
cyclone  will  move,  the  cyclone  will  move  into 
the  region  or  just  west  of  it  in  24  hours. 

Direction  of  Mean  Isotherms 
(Thickness  Lines) 

A  number  of  rules  have  been  formulated 
regarding  the  movement  of  low-pressure  systems 
in  relation  to  the  mean  isotherms  or  thickness 
lines.  These  rules  are  outlined  as  follows: 

1.  Unoccluded  lows  tend  to  move  along  the 
edge  of  the  cold  air  ma.ss  associated  with  the 
frontal  system  which  precedes  the  low;  that  i.s,  it 
tends  to  move  along  the  path  of  the  concen- 
trated thickness  lines.  When  using  this  method, 
remember  that  the  thickness  lines  will  change 
position  during  the  forecast  period.  If  there  is  no 
concentration  of  thickness  lines,  this  method 
cannot  be  used. 

2.  When  the  thickness  gradient  (thermal 
wind)  and  the  mean  vvindflow  are  equal,  the  low 
moves  in  a  direction  midway  between  the  two. 
This  rule  is  more  reliable  when  both  the  thermal 
wind  and  the  mean  windflow  are  strong. 

3.  When  the  mean  windflow  gradient  is 
.stronger  than  the  thickness  gradient,  the  low  will 
move  more  in  the  direction  of  the  mean  wind- 
flow, 

4.  When  the  thickness  gradient  is  stronger 
than  the  mean  windflow  gradient  the  low  will 
move  more  in  the  direction  of  the  thickness 
lines. 

5.  With  warm  lows,  the  mean  i.sotIierm's  .show 
the  highest  temperature  directly  over  the  surface 
low.  which  is  about  halfway  between  the 
700-mb  trough  and  ridge  line.  This  means  the 
mean  isotherm  and  700-mb  i.soheights  are  90 
degrees  out  of  pha.se.  Since  warm  lows  move 
with  the  mean  speed  of  the  warm  air  above 
them,  they  will  be  rapidly  moving  systems. 
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(>,  On  llic  olhor  hancK  it  llio  higliesl  moan 
lempcratiircs  occur  under  llio  700-nih  ridge 
(isolliernis  and  con  lours  in  phase),  ilie  ridge 
ilseir  is  warm  while  ihe  low  is  cold  therefore  a 
slowly  moving  low, 

7.  Lows  move  wiih  a  speed  of  approximately 
50  percent  of  the  thermal  wind  for  the 
KOOO-500-mb  stratum  and  approximately  75 
percent  of  the  thermal  wind  of  the 
l,000-70()-mh  stratum. 

Movement  of  Lows  in  Relation 
to  the  Jetstream 

Some  of  the  rules  for  moving  lows  in  relation 
to  the  Jetstream  position  were  mentioned  pre- 
viously under  the  section  on  steering.  One  basic 
rule  however,  states  that  highs  and  lows  situated 
under  the  jelstream  or  ver>'  clo.e  to  will  mostly 
behave  regularly  and  follow  the  steering  calcula- 
tion most  closely.  Minimum  deviations  occur 
when  the  upper  flow  does  not  change  with  time. 

MOVEMENT  OF  HIGH 
PRESSURE  AREAS 

The  literature  available  on  the  movement  of 
high  pressure  areas  is  not  so  plentiful  as  that  for 
low  pressure  areas,  in  generaL  the  method  for 
extrapolation  of  low  pressure  areas  is  applicable 
to  the  movement  of  high  pressure  areas  as  well. 

The  following  are  general  considerations  in 
forecasting  the  movement  of  high  pressure  sys- 
tems. 

A  high  or  the  portion  of  the  high  situated 
under  a  blocking  high  aloft  remains  very  nearly 
stationary.  High  situated  under  a  Jetstream  or 
very  close  to  one  are  steered  by  the  current 
aloft  Highs  ordinarily  do  not  follow  the  steering 
principle  very  clo,sely.  Cold  shallow  highs  are 
steered  more  easily  than  the  larger  ones.  The 
Oinadian  and  Siberian  highs  move  little  when 
there  is  no  Jet  max  in  their  vicinity  or  above 
them,  and  they  move  rapidly  when  the  jet  max 
is  present.  Progressive  warm  highs  move  with  a 
speed  con.sistent  with  that  of  the  major  ridges 
aloft.  Highs  (and  lows)  are  posses.sed  of  internal 
forces  which  a.ssist  in  moving  them.  With  straight 
westerly  currents  aloft,  surface  highs  are  dis- 
placed equatorward.  Highs  tend  to  move  in  the 
direction  of  and  with  the  speed  of  the  isallobaric 

ERIC 


tenters,  howeNCK  thi^  ud»  is  not  vei\  icliable 
because  the  isallobaiu  iiw.  often  folU)\\  Ihc  low 
rather  than  lead  the  high 

Steering  is  not  u>vd  i^  i  ImcU  pu'>auv  s\  stems 
as  widely  as  tor  lows  In  cause  liigli-pressuiv  cells 
do  not  have  as  gi<.at  a  witual  extent  as 
low-pressua  sxsIlius  llo\^c^cl.  scoring  sccnus 
to  work  abi  lit  ^5  pciv.^nt  vil  tl.c  time  lor  cold 
highs. 

FORECASTING  MOVhMLNT  01  LOWS 
BY  STATISTICAL  ThCHN!QUhS 

Since  it  recjuiics  main  \cars  of  experience 
and  a  photographic  inemoiv  to  dc\clop  »i  mental 
catalog  of  weather  pitteins.  a  weather  t\peor 
normal  path  clasMls^ation  is  a  lHn)n  to  the 
inexperienced  nicioojologi^t  as  a  means  of 
quickK  selecting  analogous  situations  t'rom  the 
past  for  applicatii^n  to  the  present.  There  are 
nian\  normals  and  a\cratie  wMiditions  to  icgulate 
behavior  patteniN  o\  lutuic  nu)\enient  and  de- 
velopment. llowe\er.  theu  are  aKo  nian\  devia- 
tions t'rom  the  norrh.  The  seasivi  of  the  \e*irand 
topographical  nilluences  are  la*  tor-  to  be  con- 
sidered. If  we  could  catalog  Wv,ilher  tvp'-'^ 
average  types,  ami  the  storms  t>be\ed  these 
rules,  it  would  grcith  simpht\  the  art  of 
forecasting  However  tlll^  is  uist  anoihei  tool  iii 
the  integrated  KucLa^t.  I  se  it,  but  do  niM  Kmu 
too  heavily  on  it. 

Normal  Tracks 

In  hM  K  Bowje  and  Wcighunan  published 
chmatological  tabicN  ol  the  average.  In  months, 
of  the  24-hr  speed  and  direction  o\  cyclonic 
centers  in  the  United  Slates.  Tlie  sjoinis  were 
classified  with  lespCLi  \o  the  pou^l  oi  tingin  and 
the  current  location  o\  the  ^enters  Although 
these  tables  appeal  lo  be  ,intK|uated  sonic  of 
these  types  resenibk  relaH\eK  recent  -.lassiiiLa- 
lions  and  aie  theielore  of  some  value  to  the 
present-day  forecaster. 

The  Marine  ChinatK  \tlascs  also  contain 
average  stoini  tia<.ks  tor  eadi  month  of  the  year 
for  areas  over  the  t)^.eans  ol  the  world  Other 
publications  are  available  whiJi  give  average  or 
normal  tracks  foi  other  areas  ol  the  world. 
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Weather  Types 

This  method  of  classifying  significani  toatiiros 
of  the  weather  map  with  expectoti  .Mib.seqiient 
movements  is  also  called  the  weather  aiuilomie 
method.  The  best  known  of  the.se  niethod.s  is  "the 
Elliott  types. 

In  this  typing  .sy.stein  the  broad  features  ol 
the  upper  westerlies  are  recouni/.ed  as  the 
steering  mechanisms  of  inigr.itorv  cvcloiie.s  and 
anticyclones.  There  now  exists  a  set  of  15  to  20 
types  for  each  of  5  zones  extendiim  from  ns 
degrees  east  throiiiih  North  America  to  4S 
degrees  east  (Western  Russia). 

The  North  Ainericnn  Continent  covers  two 
types  of  zones.  It  k  beyond  the  .scope  of  this 
training  manual  to  discuss  this  method  in  detail. 
However,  this  can  be  anotiier  valuable  tool  and 
aid  ill  formulating  a  long  range  foreca.st. 

FORECASTING  .MOVEMENT 
BY  OBJECTIVE  METHODS 

Objective  techniques  are  those  techniques 
which  employ  certain  predetermined  parameters 
which  are  used  in  conjunction  with  uraphs 
tables,  nomograms,  or  the  like  to  arrive  at  a 
prediction.  They  should  only  be  u.sed  and 
evaluated   in  the  light  of  all  of  the  other 
considerations.  Objective  methods  do  have  !;ev- 
eral  attractive  features.  Most  of  the  methods 
available  can  be  reduced  to  a  simplified  !;et  of 
instructions  with  an  attendant  worksheet  and 
give  the  forecaster  n  mea.sure  and  degree  of 
confidence   not  attained  by  asiiig  subjective 
methods  alone.  There  are  many  objective  meth- 
ods^ available  but  most  which  are  accessible  to 
AG's  appear  to  have  been  developed  for  the 
United  States,  with  the  geographical  area  cast  of 
the  Rockies  in  particular.  Only  a  few  are  covered 
here.  Credit  is  given  to  the  American  Meteoro- 
logical Society  and  to  the  authors  of  the  article 
Evaluation  of  Techniques  for  Predictinc  the 
Displacement  of  Northea.stward   Moving"  Cy- 
clones, BAMS,  February   1956,  by  Wayne  S, 
Herring  and  Wayne  D.  Mount,  for  perm i.ssion  to 
use  information  on  the  validity  of  some  ofthe.se 
methods  in  general  and  for  u.se  of  the  Herring- 
Mount  technique  in  particular  in  this  section  of 
this  chapter.  Some  of  the  methods  are  covered 
only  briefly  as  they  are  geographically  restricted 
in  application. 


George's  Method 


■I.  J  (Jeorge  and  Associates  have  developed  a 
number  of  methods  for  forecasting  the  move- 
ment and  intensity  of  certain  categories  of  lows 
over  the  continental  United  Slates.'The.se  studies 
also  contain  information  on  the  movement  of 
highs  Information  on  thcse  methods  is  con- 
tained in  GRD  Scientific  Report  No.  2  Contract 
No.  AI-l9(l22)-468.  Further  Studies  on  the 
Relationships  Between  Upper/Level  Flow  and 
Surtace  Meteorological  Processes  by  R.  J.  Schafer 
and  l>.  W.  Funke.  A  .simple  explanation  of  the 
nietliods  along  with  worksheets  and  diagrams  is 
contained  in  each  of  these  publications. 

The  method  for  moving  lows  yields  a  displace- 
ment lorecast  in  terms  of  eastward  and  north- 
ward components  ofniotion.The.se  components 
are  determined  by  grapiiical  combination  of  (1) 
the  zonal  How  at  700  mb.  (2)  the  meridional 
now  at  700  mb.  (3)  12-hr  changes  in  (1)  and  (2), 
and  (4)  a  measure  of  the  700-mb  temperature 
gradient,  or  the  amplitude  of  the  700-mb 
trough.  Objective  application  is  comparatively 
ea.sy  and  straightforward.  The  method  gives  a 
30-hr  forecast  of  motion. 

Palmer  Method 

In  1948.  W.  C.  Palmer  developed  a  method 
lor  giving  the  30-hr  direction  ray  of  cyclones 
ba.sed  on  the  Bowie-Weightman  tables.  These 
data  are  for  the  winter  months  and  for  storms 
over  the  Ea.stern  United  States.  The  direction 
foreca.st  is  obtained  trom  a  graphical  combina- 
tion of  the  winter  average  24-hr  direction  based 
upon  the  Bowie  and  Weightman  tables,  the  past 
64ir  direction  of  movement,  and  the  orientation 
of  a  line  Joining  the  katallobaric  and  anallobaric 
centers  a.s.sociated  with  the  cyclone.  Forecast  of 
30-hr  direction  given  by  this  combined  analysis 
reduced  tiie  average  error  of  21.5  degrees, 
obtained  from  the  original  table.s\  to  16.1 
degrees. 

Herring-Mount  Method 

During  tiie  course  of  the  evaluation  on  the 
movement  of  cyclone  centers  by  the  various 
method.s.  it  was  noted  by  the  authors  that 
cyclonic  centers  having  a  pa.st  1 2-hr  .speed  which 
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was  markedly  slower  oi  Lislci  lhaii  iu)niial 
speed,  lor  the  lime  of  year,  lend  lo  apprt)acli  ihe 
normal  .speed  during  llie  <;iibsei|uenl  30-lir 
period.  Sniiilarly  il  was  noled  iIku  llie  siornis  of 
lliis  class  moved  in  a  direclion  beiween  llial 
indiealed  by  a  line  joinnig  ihe  isallobaric  cenleis 
associated  willi  ihe  dislurbance  and  ihe  normal 
direclion  of  niovcmenl  52  degrees  casi  of  norlh. 
(52  degrees  easi  of  norili  for  Laniberi  Con- 
formal  charts  and  50  degrees  easi  of  north  for 
Polar  Slcreographic  charts.) 

A  forecast  method  was  defined  simply  by 
averaging  the  past  12-hr  speed  with  the  normal 
speed  10  give  the  30-hr  predicted  speed,  and  the 
isallobaric  direction  was  averaged  with  the  nor- 
mal direction  of  50  or  52  degrees,  depending  on 
the  chart  used,  to  give  the  direction  of  forecast. 
The  isallobaric  direction  is  measured  in  degrees 
east  of  norlh  from  the  meridian  passing  through 
the  position  of  the  storm  on  the  surface  chart. 
In  this  lest,  these  results  yielded  (he  lowest 
direclion.  speed,  and  position  errors  of  any  of 
the  rules  tested.  Figure  9-7  gives  a  simple 
illustration  of  the  criteria  by  which  this  method 
can  be  applied,  the  table  of  average  speeds,  and 
an  example  of  its  use. 

Prediction  of  Maritime  Cyclones 

This  method  is  an  empirically  derived  method 
for  objectively  predicting  the  24-hr  movement 
and  change  in  iiiteiibity  of  maritime  cyclones 
The  technique  requires  only  measurement  of  the 
500-nib  height  and  temperature  gradients  above 
the  current  sea  level  center,  and  determination 
of  the  type  of  500Mnb  tlow  within  which  the 
surface  system  is  embedded.  Pull  details  of  this 
method  are  described  in  The  Prediction  of 
Maritime  Cyclones,  NA  50-1 P-545. 

It  is  recommended  that  the  deepening  predic- 
tion be  made  first,  as  this  will  often  give  a  good 
indication  of  movement. 

The  explosive  intensincation  of  maritime 
eyclones  is  a  fairly  common  phenomenon,  but  is 
presently  among  the  most  difficult  problems  to 
forecast.  Conversely,  there  are  many  situations 
in  which  it  is  important  to  predict  the  rapid 
filling  of  cyclones.  This  technique  gives  an 
objective  method  for  predicting  the  24-hr  cen- 
tral  change   in   pressure  of  those  maritime 
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cyclone-  whose  luiital  p«»siiious  he  north  of  30 
degiees  north  K'titudo  1  uithcr  the  technique 
applies  to  the  wintci  months  only  November 
through  Mauh  aithougb  it  nia\  bo  used  with 
M>mc  degice  oi  vontulen^e  in  other  months. 

I  roin  the  slud\.  the  tollowmg  tactors  slood 
out  asbemgthc  most  important 

1.  l  lie  location  oi  the  surlace  cyclone  cenier 
with  rcNpcct  to  the  500-nib  pattern. 

2.  1  he  siieniitli  of  the  "^tMHnb  tlow  above  the 
cyclone  enter. 

3    The  "^OO-mb  umperature  gradient  to  the 
northwest  ol  liic  surlacc  center. 

OI  tlu  liHVs  x^huh  intensified,  the  deepening 
was  in  gencKil  grcatcK  the  sii\»nger  llie  500-nib 
contour  and  iM)thcrm  gradient  The  study  also 
indicated  that  the  preteired  location  for  filling 
cyclones  is  inside  the  closed  500-nib  contours 
and  that  deepcnnig  cycloncN  favor  the  region 
under  open  contour>  in  ad\ance  of  the  500-mb' 
trough.  The  rcniaimng  portions  of  the  pattern 
indicate  >llVa^  ol  rclat!\ely  little  change,  except 
lows  located  u.Klei  a  5()0'mb  ridge  line  fill. 

Recently  Developed  Techniques 

Two  techniques  have  been  developed  and 
published  for  the  statistical  prediction  of  cy- 
clones and  .inlK^Llohcs  o\ci  an  are  i  bounded  by 
3tJ  and  o(J  dcgsccN  iioitli  and  (>0  and  I  10  degrees 
west.  Botii  methods  use  a  grid  of  finite  inier\Mls 
and  certain  MatistKal  p*tfamctcrs  at  the  surface 
and  >A)  mb  to  dctcnnnK  the  future  movement 
and  intensity  ul  thcsu  two  systems.  This  is 
accomplished  b\  .1  mathematical  piocedure  in- 
volving stepwise  multiple  regression  equations. 
Very  promising  results  have  been  obtained  by 
both  methods. 

The  method  for  lorecasting  the  movement 
and  intensity  of  the  surface  cyclone  centers  in 
the  area  defined  above  was  devclop»^d  by  K.W. 
Veigas  and  b.P.  Ostby  and  published  under  the 
title  Application  of  a  Moving  (  oor'Unate  Pre- 
diction Model  to  Last  (^oast  Cyclones.  Journal 
of  Applied  Meteorology.  Vol.  4.  No.  2,  pages 
2  1-38.  The  statistical  method  of  predicting  the 
movement  and  changes  in  intensity  of  North 
American  Anticyclones  was  based  on  the  above 
method,  it  was  developed  al  Ihe  U.  S.  Naval  Post 
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HERRING      MOUNT  SYSTEM  FOR  TYPE  IV  LOWS 

1.  Low  must  be  located  east  of  95th  meridian. 

2.  Low  must  have  moved  from  southwest  for  past  12  hours. 

3.  Low  must  be  under  SW  flow  at  850,  700  and  500  mbs.   (180^  to  270^) 

Measure  number  of  degrees  east  of  north  of  line  between  3-hour  anallobaric 
and  3^hourkatallobaric  centers.    The  average  between  this  and    50  de^Jees 
east  of  north  is  30-hour  direction.     (For  Polar  S tereographTc  Pro ieSi^^^ 
Chart).     (52^  for  Lambert  Conformal  Charts).  i^iojection 

The  average  between  past  12-.hC'ir  speed  and  normal  speed  for  the  time  of 
year  is  average  speed  for  next  30  hours. 

**************:<c**  *********** 

NORMAL  SPEEDS 


NOV  1-15 
NOV  16-31 

DEC  1-15 
DEC  16-31 

JAN  1-15 
JAN  16-31 


17.5  kts 
23.5  kts 

28.0  kts 
31.5  kts 

34.0  kts 
35..0  kts 


FEB  1-15 

FEB  15-28 

MAR  1-15 

MAR  16-31 


33.0  kts 
30.5  kts 

26.0  kts. 
23.5  kts 


******.************  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^ 
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95TH  MERIDIAN 

N 


ANALLOeARIcI 
CENTER 


FORECAST  DIRECTION 


^--^  \^^^CENTER^*^ 


Figure  9.7.-lllustration  of  the  Herring-Mount  technique  for  the  moving  of  northeastward  moving  cyclones 
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Graduate  School,  Monterey,  ( aiul  pub- 
hshed  under  the  title  Statistiuil  Prediction  Meth- 
ods for  North  American  Anticyclones  in  the 
August  l^>63  issue  of  the  Journal  of  Applied 
Meteorology,  Vol.  2,  No.  4,  pages  508-5  16. 

AJthough  the  use  of  calculators  oi  computers 
ATOuld  be  desirable  in  working  both  methods, 
the  grid  points  can  be  extracted  and  the  values 
substituted  uito  the  equations  and  the  computa- 
tions made  by  simple  arithmetic. 

FORECASTING  THE  INTENSITY  OF 
PRESSURE  SYSTEMS 

The  changes  in  in  tens.. >  of  pres^>ure  systems 
at  the  surface  are  determined  by  what  is 
occurring  above  the  surface  system,  since  the 
pressure  measured  at  the  surface  is  a  measure  of 
the  weight  of  the  atmosphere  above. 

EXTRAPOLATION 

The  pressure  tendencies  which  are  reported 
on  the  synoptic  charts  indicate  the  sum  of  the 
pressure  change  due  to  movement  of  the  system 
plus  that  due  to  deepening  and  filling.  If  the 
exact  amount  of  pressure  change  due  to  move- 
ment could  be  determined,  it  could  be  assumed 
that  the  system  could  continue  to  deepen  or  fill 
at  the  current  rate  of  speed  during  the  forecast 
period,  then  determining  future  pressure  would 
be  quite  simple.  However,  it  is  not  normally  safe 
to  assume  that  the  current  rate  of  change  will 
continue  nor  just  how  much  of  the  pressure 
change  is  due  to  movement.  The  pressure 
tendencies  may  be  used  in  a  qualitative  sense  for 
a  quantitative  approximation. 

ISALLOBARIC  INDICATIONS 

Isallobaric  indications  from  analyzed  isallo- 
bars  on  the  surface  chart  show  the  following 
relationships  between  the  isallobars  and  the 
changes  in  the  intensity  of  pressure  systems. 

1.  When  the  3-hr  pressure  falls  extend  to  the 
rear  of  the  low,  the  low  is  deepening. 

2.  When  the  3-hr  pressure  rises  extend  ahead 
of  the  low,  the  low  tends  to  fill. 


3,  When  the  pressure  rises  extend  to  the  rear 
of  a  high-picssure  cell  or  ridge  line,  the  pressure 
system  is  increasing  in  intensity  or  the  system  is 
tilling. 

4.  Since  low-pressure  systems  usually  move  in 
a  direction  parallel  to  the  isobars  in  the  warm 
sector,  and  since  the  air  mass  in  the  warm  sector 
is  homogeneous  it  is  possible  to  use  the  pressure 
tendenc>  m  the  warm  sector  as  an  indication  of 
the  deepening  or  filling  of  the  system.  The 
effects  of  frontal  passages  must  be  removed. 
Therefore,  if  a  low  moves  parallel  to  warm 
sector  isobars,  it  can  be  said  that  the  barometric 
tendency  in  the  warm  sector  is  equal  to  the 
deepening  or  filling.  Also,  the  variation  of  the 
tendency  in  the  warm  sector,  from  the  peak  of 
the  wave  outward,  can  be  used  to  indicate 
increasing  or  decreasing  gradient. 

It  must  be  remembered  that  when  using 
present  tendency  values  for  any  of  the  rules,  it  is 
merely  an  indication  of  what  has  been  happen- 
ing and  not  what  will  necessarily  take  place  in 
the  future.  Consequently,  in  using  tendencies  for 
indication  of  deepening  or  filling,  it  is  necessary' 
to  study  the  past  tiend  of  the  tendencies.  The 
12-  and  24-hr  pressure  change  charts  are  helpful 
in  determining  these  values. 

RELATIVE  TO  FRONTAL  MOVEMENT 

Wave  cyclones  form  most  readily  on  station- 
ary or  slow  moving  fronts.  A  preferred  position 
is  along  a  decelerating  cold  front  in  the  region  of 
greatest  deceleration.  Normally,  the  700-nib 
winds  are  parallel  to  the  front  along  this  area. 

Under  conditions  characteristic  of  the  eastern 
Pacific,  a  secondary  cyclone  may  develop  with 
extreme  rapidity.  As  a  wave  forms  on  the 
retarded  portion  of  a  cold  front,  the  original 
well-marked  warm  front  of  the  primary  cyclone 
tends  to  fade  out  or  become  masked  in  the  more 
or  less  parallel  flow  existing  between  the  return- 
ing cold  air  from  the  high  to  the  eastward  and 
the  oiiginal  warm  feeding  current.  In  this  stage 
of  development  the  new  secondary  wave  is 
actually  a  rapidly  moving  wave  cyclone,  but 
with  no  great  deepening  apparent  as  it  moves 
along  the  front  and  few,  if  any,  indications  of 
occluding.  As  the  new  low  moves  eastward  along 
tile  front,  even  though  it  is  a  shallow  wave,  the 
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pressure  graclicnls  sunouiuling  it  will  tiiiliteii  and 
lencl  to  sharpen  the  old  nuiskecl  warm  front 
lying  well  to  the  east  of  the  new  wave  itself. 
Later,  as  the  WMve  moves  rapidly  eastward,  it 
will  piek  up  this  resharpened  warm  front  and  the 
cold  front  of  the  wave  cyclone  in  its  field  and 
Ihen  occlude  on  this  resharpened  warm  front. 

This  occlusion  exhibits  well-marked  phenom- 
ena such  as  rapid  deepening  as  much  as  10  to  15 
mb  in  12  hours  and  changing  the  structure  of 
the  original  wave  cyclone  into  one  similar  to 
that  of  the  occluded  cyclone.  The  resultant 
rapid  deepening  and  increase  in  the  cyclonic 
circulation  results  in  a  portion  of  the  original 
polar  iVont  connection  between  the  new  and  the 
old  cyclone  being  destroyed.  Figure  9-8  illus- 
trates the  process, 

INDICATIONS  ALOFT  FOR  DEEPENING 
AND  FILLING  OF  SURFACE  LOWS 

Advective  Pressure  Changes 

The  role  of  temperature  advection  (that  is. 
the  transport  of  air  of  different  density  into  a 
region)  in  contributing  (o  the  pressure  change 
(or  contour  change)  is  somewhat  controversial. 
On  the  one  hand,  low^level  (usually  LOOO-500 
mb)  warm  advection  is  frequently  cited  as 
responsible  for  the  surface  pressure  falls  ahead 
of  moving  surface  lows  (the  converse  for  cold 
advection):  on  the  other  hand,  warm  advection 
is  frequently  associated  with  rising  contours  of 
upper  levels. 

It  is  well  known  from  the  tendency  equation 
that  the  pressure  change  at  the  SURFACE  is 
equal  to  the  pressure  change  at  some  UPPER 
LEVEL  plus  the  change  in  mass  of  the  column 
of  air  between  the  two.  That  is,  if  the  pressure  at 
some  upper  level  remains  UNCHANGED  and  the 
intervening  column  is  replaced  with  warmer  air. 
the  mass  of  the  whole  atmospheric  column  (and 
consequently  the  surface  pressure)  decreases, 
and  so  does  the  height  of  the  1,000-mb  surface. 

As  an  example,  assume  that  warm  advection  is 
indicated  below  the  500-mb  surface  (5,460 
meters)  above  a  certain  station.  If  no  change  in 
mass  is  expected  above  this  level,  the  pressure  at 
5,460  meters  will  remain  unchanged,  and  so  will 
the  height  of  the  500-mb  level.  Suppose  the 
1,000-  to  500-mb  advection  chart  indicated  that 


the  5.40()-meler  thickness  line  is  now  over  the 
station  in  question  and  will  be  replaced  by  the 
x490.meter  thickness  line  in  a  given  time 
interval,  that  is.  warm  advection  of  90  meters. 
The  consequence  is  that  the  1 .000-nib  surface^ 
which  is  now  oO  meters  above  sea  level,  will 
lower  90  meters  to  30  meters  bek  w  sea  level 
and  the  surface  pressure  will  decrea.se  a  corre- 
sponding amount,  about  I  I  mb.  Whenever  the 
surface  pressure  is  less  than  1,000  mb.  the 
LOOO-mb  surface  is  below  the  ground  and  is 
entirely  fictitiou.s.  In  view  of  the  above  descrip- 
tion of  advective  pressure  changes,  the  following 
rules  May  be  stated; 

1.  Warm  advection  between  1.000  and  500 
mb  brings  falling  sea  level  pressures,  and  the 
converse  of  this  rule. 

2.  Cold  advection  between  1 .000  and  500  mb 
brii.gs  rising  sea  level  pressures. 

Indications  of  Deepening 
From  Vorticity 

Cyclonic  development  and  deepening  are 
closely  related  to  cyclonic  How  aloft  or  to 
cyclonic  vorticity  aloft.  If  you  recall  from  the 
discussion  of  vorticity  in  chapter  4  of  this 
training  manual,  vorticity  is  the  measure  of  the 
path  of  motion  of  a  parcel  plus  the  wind  shear 
along  the  path  of  motion.  Thus  we  have  the 
following  rules  of  the  relationship  of  vorticity 
aloft  to  the  deepening  or  filling  of  surface  lows: 

\.  Surface  pressure  falls  where  advection  of 
cyclonic  relative  vorticity  takes  place.  Thus,  it 
can  be  said  that  surface  pressure  falls  where 
cyclonic  vorticity  decreases  (is  less)  downstream. 

2.  Surface  pressure  rises  where  advection  of 
more  anticyclonic  relative  vorticity  takes  place. 
Thus,  it  may  be  said  that  surface  pressure  rises 
where  cyclonic  relative  vorticity  increases  (is 
greater)  downstream. 

3.  A  wave  will  be  unstable  and  deepen  if  the 
700-mb  wind  field  over  it  possesses  cyclonic 
relative  vorticity.  A  wave  will  be  stable  if  the 
700-mb  wind  over  ?!  possesses  anticyclonic 
vorticity. 

4.  If  there  are  several  waves  along  a  front,  the 
one  with  the  most  intense  cyclonic  vorticity 
aloft  will  develop  at  the  expense  of  the  others. 
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I  Ins   IS  nsUallv    Ilk    i.lL    IKMK  J    Uu    JMS  ,i|  [he 

MouuIk 


Deepening  of  Lous  Nhivino 
Relative  to  Tpper  (  oiuun^ 

Ihe  jinouiU  oi  ikvpciuai!  oi  Ijsicpi  I muvl 
Slates  lows  iiiovin^j:  i^.i (h.^siuahl  mio  ihc 
Maiilimo  Pioviik.s  (  au.Kia  liupK'nlK  .an  ho 
pivdii  lod  f>\  csdiiKiini^'  (lir  nuTnfxri)!  .oiuouis 
ai   the   :tH)   or  >0()n»h  jhal  would  l>o 

liavcisod  li\  ilw  surl.K^  jov\  m  ihcp.nojoi  liie 

PIOJZIIOMIC     clKiU       low     (lopospiK'IK-  COohni! 

wonKI  Kompensau.  ihc  sii  nospiu no  mass 
cteaso  ahoai  lu  poucni    I  h  u'lou-.  (Ik-  pi  wUkv 
ol    lakrne  ahoiH    hi)   p.u^^ni    ot   (|.,.  IkjoIu 
(hllciciko   ji  mh  hciw^.u  uincnl  .urI 

projinosiK  Vi^sHum^  v^-kckI  stKa^^lu^  in  pu- 
^lictint'  the  hneUi  Jkiiuv  .iI  (Iu"  .cntei  o| 
surlace  low  as  a  niovcil  liofn  iis  aiihMU  lo  ihc 
prognosik  location  I  oi  .»  Josc  appi<ninntioiK 
mnllipiv  the  :()()  n,h  oMru-nl  Uanlii  dHUMcncv  ni 
tens  ol  motels  In  ^>  \  ^nu\  \<m  Imvc  the  suiKke 
tleepenini?  in  nnlhhais.  I  m  cvanii^h-  a  :  UK 
meter  heidu  vhlleience  at  ?m  nih  rosulis  in  a 
piessuie  ohango  ol  |x  ml>  at  the  surface 

:\r^A  isuH 

N  1  \I1I\(,  luMiihls  alcWt  ak  nu!u<nal  tho 
AM()1:N  1  ol  kill  Jucs  not  h,nc  to  he  esiufiatctk 
since  deepening  o|  (Ik  siulai.  low  will  he 
gieater  iUau  o,k»".\ts,,  and  I'aeitei  adveetive 
coolinu.  associated  with  occlusion  appeals  to 
compensate  the  u|  ,  ei  talk  I  heieloio.  the  same 
method  ol  appioximation  j!ives  th.  nu^nuude 
of  the  deepening 

II  RISINC;  heiglusaie  indicaleil  aloit  (.vei  the 
expected  low  position,  the  \M()U\I  \|IM  Hi 
IS!I\1\1II)  m  order  to  determine  the 
A(  rrAl  height  dilleience  to  uhicli  the  rule 
will  apply  In  some  cases  the  hemhl  uses  ah»lt 
over  the  expected  position  ol  the  low  may  he 
quite  large,  indicating  the  de\r|opment  ol  a 
high  latitude  ndge  alolt  which  tends  to  hK)ek 
the  eastward  piogress  oj  the  low  I  his  mav 
result  in  rapid  decekMation  ol  the  low.  with 
nllmg  and.'or  lecuivatuie  lo  the  norl!*  In  such  a 
case,  the  piognosiic  low  posiiit)n  is  ivMsed  in  the 
light  of  the  changing  circulation  alolt 


lilts  technique  works  onl>  when  lows  are 
expected  to  move  northeastward  out  of  a  heat 
source  such  as  the  Southern  Plains.  When  a  low 
nioves  mio  the  Southern  Plains  from  the  west  or 
nortliwesi.  there  is  liequenily  no  compensatoiy 
coolmg  m  the  low  troposphere,  since  the  low  is 
moving  toward  the  heat  source. 

Somv  rules  loi  rilling  and  deepening  of  lows 
in  relation  to  upper  eontouis>  are  stated  m  the 
iollow  ing  section: 

1  I'llling  is  indicated  when  a  low  moves  into 
Ol  ahead  of  the  major  rids^e  position  ol'  the 
^Oi)-mh  level. 

2  Surface  lows  tend  lo  lill  when  the  associ- 
ated upper-level  trough  weakens. 

.'^  I  ows  tend  to  fill  when  nioviim  toward 
values  ol  higher  thickness  linos. 

4  When  the  associated  upper  trough  intensi- 
lies,  deepening  is  indicated, 

>.  lows  deepen  when  moving  toward  lower 
liiickncss  values. 

(>  Waves  develop  along  fronts  when  tke 
^OO-mh  vvnuinow  is  parallel  to  the  front  or 
nearly  so. 

Dining  periods  of  southerly  flow  at 
^Otkmh.  along  the  east  coast  of  the  United 
States,  secondary  storms  frequently  develop  in 
the  vicinity  of  (ape  Ilatteras. 

High  Troposphcric  Divergence 
in  Developing  Lows 

In  the  case  of  developing  (dynamic)  cyclones, 
horizontal  divergence  is  a  maximum  in  the  400- 
lo  2(H)-inh  sliatun!,  and  the  air  ahove  must  sink 
^"1(1  vvaim  adiahatically  in  order  to  maintain 
conlinnilv. 

In  the  deepening  of  lows  there  mu.st  he 
removal  ol  air  at  high  levels  due  to  divergence  in 
the  400-  to  :00-inh  stratum,  which  results  in  the 
sliatospheric  wanning  oh.served.  Insufficient  in- 
llow  at  very  high  levels  to  coirp-nsate  the 
siihsidence  results  in  the  upper-level  contour 
talis. 

fhis  is  roughly  the  mechanism  thought  to  be 
responsihie  for  the  development  of  low-pressure 
systems  I  hc  high-level  decrease  in  !nass  over- 
coinpen.sales  the  low  tropospheric  increa.se  in 
density:  the  highdevcl  effect  thus  determines  the 
reduction  of  pressure  at  the  surface  when  lows 
are  intensifying. 
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Siralosplieric  and  Tppor 
Troposplieric  Oectoaso  in  Mav> 


Hie  chior  causv  o!  dtvponinp  lous  is  U*c 
dccrcabo  in  mass  in  llio  upper  uopo^phclc  .md 
llie  lower  sualosphoro    In   connexion  wWh 
rapidly  deepening  lows,  il  is  luowu  lliai  Hk* 
eliang'e  in  nia,ss  in  ilie  siiaiospliere  conirihiKos  as 
iiuieli  lo  llie  local  siirlace  pressure  eliange  as  do 
the  iroposplierie  changes  in  deiisii\ ,  if  nol  more 
Warming  is  tVequenlly  ohser\ed  in  ilic  slialo- 
sphere  over  deepening  surl'ace  lows,  pom  ling  lo 
subsidence  u  ilie  lower  straiospliere  This  warm- 
ing i,s  accompanied   by  lowering  heigh  In  o! 
eousianl  pressure  surfaces  in  ihc  lower  siralo 
sphere,  indicating  a  decrease  in  mass  al  iiigh 
levels. 


li'.p.MMi  *  i  i«Ui!C  c\WM  conliolled  1»\ 

l,u  iiujss  Jt.mgos  ai  riK-  ui  pei  alniospheie 
.\*iupk  U  iKi^  ^^^^'U  shown  ihal  iho  lowei 
U^^-Uni.is  ihoioA  dnvd  uil>  lc\cl)  of  ihe 
^onlKii  ohuun  become  .oKKi  and  densei  as  ihe 
sluim  divivneil  wUiL'  llic  uppei  one-lliiid  ol 
the  coiMinn  l^e<.aine  warmei  1  he  upper  mass 
deueascs  b\  an  am»>um  sullicunl  locounleract 
ihe  cooling  in  ihc  lowei  layers  plus  an  addilional 
jnioum  lo  deepen  Ihe  low  The  pielerred  region 
ioi  deopcnmg  o!  lows  was  concluded  lo  be  ihe 
lup  ihiid  ol  llie  .amosphenc  column  or,  roughl^ . 
die  slialospheie  (  seelig  *>-^^  ) 

Using  Ihe  Cuneiil  500-Mb  Cliarl 

1  acsinule  iiansmissions  ourrenily  conlaiii 
prognostic  >iHHnb  height  contours  which  can  be 
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Figure  9 -a-- Vertical  circulation  over  developiny  low. 
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used  in  making  predictions  of  aclvcctive  changes, 
thickness  patterns,  and  subsequent  changes  to 
the  surface  pattern. 

Deepening  Relative  to 
Weather  Types 

Weather  types  were  discussed  previously  un- 
der the  movement  of  surface  lows.  This  method 
can  also  be  used  to  forecast  changes  in  intensity 
of  pressure  systems  as  each  system  or  typo  has 
Its  own  average  movement  plus  average  deepen- 
ing or  filling. 

Deepening  of  Lows  in 
Relation  to  Norma!  Track 

Storms  whose  tracks  deviate  to  the  left  of  the 
normal  track  frequently  deepen.  In  general,  the 
normal  track  of  a  storm  is  parallel  to  the  upper 
tlow.  If  a  low  deviates  to  the  left  of  nonnal.  it 
crosses  upper  contours  (assuming  an  undisturbed 
upper  current)  anr*  becomes  superimposed  by 
less  mass  aloft,  resulting  in  deepening  of  the  low. 
As  long  as  this  crossing  of  upper  contours  is 
unaccompanied  by  suftlcient  compeusatory 
cooling  at  the  surface  low  center,  the  storm  will 
deepen. 

Relation  between  Deepening 
Lows  and  Movement 

It  is  believed  that  there  is  little  basis  for  the 
rule  that  deepening  storms  move  slowly  and 
fining  storms  move  rapidly.  The  speed  of  move- 
ment of  a  low,  whatever  its  intensity,  is  depend- 
ent upon  the  isallobaric  gradient.  The  magnitude 
of  the  surface  isallobaric  gradients  depends  upon 
the  low-level  advection,  the  magnitude  of  the 
upper-level  height  changes,  and  the  pha.se  rela- 
tion between  the  two. 

Using  Satellite  Photographs 

High  Resolution  Infrared  (HRIR)  and  Ad- 
vanced Vidicon  Camera  Systems  (AVCS)  photo- 
graphs provide  the  forecaster  with  an  aid  in 
forecasting  the  deepening  of  surface  low  pres- 
sure systems. 

In  the  following  series  of  illustrations  (figures 
9-10  through  9-15)  both  AVCS  and  HRIR 


photogniphs  show  the  cloud  pictures  over  a  60 
hour  period  that  depict  the  deepening  of  a  low 
pressure  .system. 

Figure  9-10.  the  AVCS  pJcture  for  noon  local 
time  .shows  a  large  cloud  mass  with  a  low  level 
vortex  centered  near  A.  A  frontal  band,  B, 
extends  to  the  southwest  from  the  large  cloud 
mass.  The  beginning  of  a  dry  tongue  is  evideni. 
An  interesting  cloud  band.  C,  which  appears  just 
north  of  the  cloud  nia.ss  is  of  about  the  s:nne 
brightness  as  the  major  cloud  nia.ss. 

The  HRIR  .scan  for  midnight,  figure  9-11, 
shows  the  further  development  of  t1ie  vorte.x 
with  penetration  of  the  dry  tongue.  Low-level 
circulation  is  not  visible,  but  the  brightness 
(temperature)  distribution  differs  from  the  vi.s- 
ual  picture.  The  detail  within  the  frontal  band  is 
apparent,  with  a  bright  cold  line.  DE.  along  the 
upstream  edge  of  the  hand.  This  is  believed  to  be 
the  cirrus  generated  by  the  convection  near  the 
polar  jet  stream.  The  cloud  band.  C.  from  the 
previous  (daylight)  picture  is  seen  in  the  IR  as 
conipo.sed  of  lower  clouds  than  would  be  rmtici- 
pated  from  the  video. 

\iy  the  second  noon  (fig.  9-12),  the  vortex  is 
clearly  defined,  but  agam  the  spiral  arm  of  the 
frontal  band  is  nearly  saturated,  with  a  few 
shadows  to  provide  detail  on  cloud  layering.  The 
NMC  operational  surface  aniaysis  during  this 
period  .shows  that  the  cyclone  has  deepened. 

Figure  9-|3.  the  picture  for  the  .second 
midnight,  shows  the  colde.st  temperatures  form  a 
hooked  shaped  pattern  with  the  highest  cloudi- 
ness still  equatorward  of  the  \ortex  center  at  F. 
The  fiat  gray  area,  G.  lo  the  southwest  suggests 
that  the  area  is  composed  of  celLs.  The  granular 
gray-to-light  gray  temperature  withni  Hie  dry 
tongue  suggests  cells  con.sistir  of  cumulus 
lormed  from  stratocumulus,  ami  small  white 
blobs  indicating  cumulus  ccngestus. 

The  AVCS  picture  for  Uw  third  noon.  Figure 
9-14.  shows  the  vortex  to  be  tightly  spiraled. 
indicating  a  mature  .system.  The  frontal  band  is 
narrower  than  it  was  24  hours  earlier,  with  some 
cloud  shadows  pre.sent  to  aid  in  determining  the 
cloud  structure.  Surface  analysis  indi.ates^hat 
the  lowest  central  pressure  of  the  cyclone  was 
reached  approximately  6  hours  prior  to  this 
picture. 
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Figure  9-10.-A VCS,  local  noon,  first  day. 


The  final  pliotograpli  in  tliis  serie;>.  figure 
9-15  shows  the  coldest  temperatures  completely 
surround  the  vortex.  Tiie  frontal  band  also 
shows  tile  segmented  nature  ot  tlie  active 
weather  area.s  within  the  hand.  A  typical  vortic- 
itv  center  at  H  shows  tiie  cold  temperatures  ot 
cumulus  consestus  and  cumulonimbus  cloud 
tops.  The  same  vorticity  center  is  apparent  m 
the  previous  (daylight)  picture,  figure  9-14.  west 
of  the  frontal  band. 

The  forecaster  may  use  the  following  general 
conclusions  in  adapting  satellite  photographs  to 
forecasting  the  change  in  intensity  ot  surface 
cyclones. 


I  The  use  of  nighttime  i  R  data  together  with 
daytime  data  yields  12  hour  continuity  with 
respect  to  cyclone  development  or  decay. 

A  hook-shaped  cloud  mass  composed  of 
cold  temperatures,  (high  cloud  tops)  indicates  an 
area  of  strong  upward  vertical  motion  with 
attendant  surface  pressure  falls. 

3.  As  the  dry  tongue  widens,  tiie  cyclone 
continues  to  deepen, 

4  When  iiigh  or  middle  clouds  completely 
surround  the  vortex  center,  the  cyclone  has 
readied  maturity  and  can  be  expected  to  ill . 
This  generally  indicates  the  advection  ot  cold, 
dry  air  into  the  cyclone  has  ceased. 
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Figure  9-11.-IR,  local  midnight,  first  night 


FORECASTING  THE 
INTENSITY  OF  HIGHS 

Anticyclogenesis  Indicators 

In  the  case  of  developing  dynamic  anti- 
cyclones. It  IS  almost  invariably  observed  tiiat 
cooling  takes  place  at  about  200  mb  and  above 


This  cooling  is  due  to  ascent  of  air,  resulting 
trom  convergence  in  the  400-  to  200-mb  stra- 
tum. Incomplete  outflow  at  very  high  levels 
causes  piling  up  of  air  above  fixed  upper  levels 
resulting  in  high-level  pressure  rises.  At  the  same 
time  warming  occurs  in  the  lower  troposphere 
Ihis  warming  sometimes  occurs  ven^  rapidly  in 
the  lower  troposphere  above  the  surface  levels 
Which  may  remain  quite  cold.  A  warming  of^ 
10  C  per  day  at  the  500-mb  level  is  not  unusual 
Jiuch  a  rate  ot  warming  is  not  entirely  due  to 
subsidence   but  probably  has  a  considerable 
contribution  from  warm  advection.  However 
continuity  considerations  suggest  that  the  con- 
vergence in  the  400-  to  200-mb  stratum  pro- 
duces some  sinking  and  adiabatic  warming  in  the 
lower  troposphere. 

Thus,  in  the  building  of  anticyclones,  there 
must  be  a  piling  up  of  air  at  high  levels  due  to 
horizontal  velocity  convergence  in  the  400-  to 
200-mb  stratum,  which  results  in  the  strato- 
spheric cooling  observed  with  developing  anti- 
cyclones. Insufficient  outflow  at  very  high  levels 
results  in  an  accumulation  of  mass.  This  is 
roughly  the  mechanism  thought  to  be  responsi- 
ble for  the  development  of  high-pressuu  -ys- 
tems.  The  high-level  increase  of  mass  er- 
compensates  the  low  tropospheric  decrease  of 
density,  and  the  high-level  effect  thus  deter- 
mines the  sign  of  increase  of  pressure  at  the 
surface  when  highs  are  intensifying.  (See  fig. 
v-Io.) 

The  development  of  anticyclones  appears  to 
be  just  the  reverse  of  the  deepening  of  cyclones 
Outside  of  cold  source  regions  and  frequently  in 
cold  source  regions,  higli-level  anticyclogenesis 
appears  to  be  associated  with  an  accumulation 
ot  mass  in  the  lower  stratosphere  accompanied 
by  cooling.  In  many  cases  this  stratospheric 
cooling  may  be  advective,  but  more  frequently 
the  cooling  appears  to  be  clearly  dynamic-  that 
IS,  due  to  ascent  of  air  resulting  from  horizontal 
convergence  in  the  upper  troposphere. 

Studies  of  successive  soundings  accompanying 
anticyclogenesis  outside  cold  source  regions 
show  progressive  warming  throughout  the  tropo- 
sphere. This  constitutes  a  negative  contribution 
to  anticyclogenesis.  In  other  words,  outside  of 
cold  source  regions,  during  anticyclone  develop- 
ment, the  decrease  in  DENSITY  in  the  tropo- 
sphere IS  overcompensated  by  an  increase  in 
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Figure  9-13.— I R,  local  midnight,  second  day. 


mass,  and  geneiallv  accompanied  by  cooling  m 
the  stratosphere.  This  is  analogous  (o  the  deep- 
ening of  lows  where  the  decrease  in  mass, 
generally  accompanied  hy  warming  al  high 
levels.  overcompensateN  the  cooling  in  (he  tropo- 
sphere. 

The  evidence,  therefore,  indicates  that  high- 
level  changes,  undoubtedly  due  to  dynamic 
mechanisnis  in  the  upper  troposphere,  aie  largely 
responsible  for  deepening  and  filling  of  surface 


pressure  systems.  Hiis  fact  is  of  considerable 
prognostic  \.:lue  if  the  dynaiiiiL  processes  which 
induce  these  mass  and  density  changes  can  be 
detected  on  the  working  charts. 


Progging  Intensity  of  Highs 

Intensification  of  surface  highs  is  indicated 
and  should  be  progged  when  cold  advection  is 
occurring  in  the  stratum  between  1.000  nib  and 
500  nib  when  either  no  height  change  is 
occurring  (or  progged)  at  500  nib  or  when 
convergence  is  indicated  at  and  above  500  nib  or 
both,  and  when  the  cold  advection  is  increasing 
rapidly.  A  high  also  increases  in  intensity  when 
the  3-hourly  rises  are  occurring  near  the  center 
and  in  the  rear  quadrants  of  the  high.  When  a 
moving  surface  high  which  is  not  subjected  to 
heating  from  below  is  associated  with  a 
well-defined  upper  ridge,  the  change  in  intensity 
is  largely  governed  by  changes  in  intensity  of  the 
upper-level  ridge. 

Weakening  of  .surface  highs  is  indicated  and 
should  be  progged  when  the  cold  advection  is 
weakening  or  is  replaced  by  warm  advection  in 
the  lower  troposplieric  stratum  with  either  no 
height  change  at  500  nib  or  when  divergence  is 
occurring  (or  progged)  at  and  above  500  nib  or 
both  are  occurring  at  the  same  time. 

When  warm  low  tropospheric  advection  is 
coupled  with  convergence  aloft,  or  when  cold 
low  tropospheric  advection  is  coupled  with 
divergence  aloft,  the  contribution  of  either  may 
be  canceled  by  the  other,  and  a  quantitative 
estimate  of  the  effects  of  each  must  be  made 
before  a  decision  is  made. 

When  surface  pressure  falls  occur  near  the 
center  and  in  the  forward  quadrants  of  the  high, 
the  high  will  decrease  in  intensity. 

When  a  cold  high  which  is  moving  south  ward 
heats  from  below,  it  will  decrease  in  intensity, 
unless  the  heating  is  compensated  by  intensifica- 
tion of  the  ridge  aloft. 

The  amount  of  intensification  can  be  deter- 
mined by  correlating  the  contributions  of  height 
change  at  the  500-mb  level  as  progged  and  the 
change  in  thickness  as  advected. 
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Figure  9  15.-IR,  local  midnight,  third  night. 


FORECASTING  THE  MOVEMENTS 
AND  INTENSITY  OF  FRONTS 

MOVEMENT  OF  FRONTS 

Imoius  nrc  ordinarily  proggetl  after  the  pres- 
sure systems  have  heen  pu)gged.  However,  there 
may  be  cases  lor  short  range  progging  where 
movement  of  all  ot  the  systems  is  unnecessary 


and  you  are  only  concerned  with  a  short  interval 
ot"  time.  Extrapohition  is  perhaps  the  simplest 
and  most  widely  used  method  ol^  moving  fronts 
for  short  periods.  When  moving  tronts  tor  longer 
periods  than  a  lew  hours,  other  considerations 
must  be  taken  into  account. 

In  this  section  of  the  chapter  two  methods  lor 
extrapolation  are  covered  along  with  the  Geo- 
strophic  Wi2K!  Method  and  the  consideration  of 
upper  air  intluences. 

Extrapolation 

When  tYonts  are  moved  by  extrapolation,  they 
are  merely  moved  in  time  and  space  on  the  basis 
of  past  motion.  Of  course  such  factors  as 
occlusion,  genesis,  dissipation,  change  in  posi- 
tion, intensity  of  air  masses  and  cyclones,  and 
orographic  influences  are  taken  into  account. 
Adjustments  to  the  extrapolation  frontal  posi- 
tions are  made  on  the  basis  of  the  above 
considerations. 

Aerographer's  Mates  should  keep  in  mind  that 
fronts  in  themselves  do  not  possess  the  necessary 
energy  to  move,  but  that  the  adjacent  air  masses 
and  associated  cyclones  drive  the  tronts. 

You  should  also  keep  in  mind  the  upper  air 
influences  on  fronts;  for  example,  the  role  the 
700-mb  winds  play  in  the  movement  and  modifi- 
cation of  fronts.  Finally,  it  should  be  remem- 
bered that  past  motion  is  not  a  guarantee  to 
future  movement,  and  the  emphasis  is  on  con- 
sidering the  changes  indicated  and  incorporation 
of  these  changes  into  a  modified  extrapolated 
movement. 

CONTROL  LINE  METHOD  OF  EXTRAP- 
OLATION.-This  method  of  extrapolation  gives 
a  more  scientific  basis  to  extrapolation  of  fron- 
tal systems.  It  could  also  be  applied  to  cloud 
systems.  The  method  was  adapted  from  several 
available  methods  and  published  in  the  Air 
Weather  Service  Manual,  the  Local  Area  Surface 
Chart,  Its  Preparation  and  Use,  AWSM  105-35. 

Geostrophic  Wind  Method 

Fronts  are  progged  by  the  geostrophic  wind 
method  at  two  levels  at  several  points  along  the 
front--at  the  surface  and  at  the  700-mb  level. 
The  basic  idea  is  to  determine  the  component  of 
the  wind  at  the  surface  and  aloft  which  is 
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Figure  9-16.— Vertical  circulation  over  developing  high. 


normal  (perpendicular)  to  the  front  and  there- 
fore drives  the  front.  Determination  of  the 
component  normal  to  the  front  is  made  by 
triangulation. 
The  procedure  is  as  follows: 

I.  Select  between  two  to  four  points  along 
the  front  where  a  regular  and  reliable  pressure 
gradient  exists,  and  determine  the  geostrophic 
wind  by  use  of  the  geostrophic  wind  scales 
rather  than  the  observed  wind.  The  wind  speed 
is  determined  a  short  distance  behind  a  cold 


front  and  a  short  distance  ahead  of  the  warm 
front  where  a  representative  gradient  can  be 
found.  The  dots  on  the  isobars  in  figure  9-17 
serve  as  a  guide  to  the  proper  selection  of  the 
geostrophic  wind. 

2.  Draw  a  vector  toward  the  front,  parallel  to 
the  isobars  from  where  the  geostrophic  wind  was 
determined.  The  vectors  labeled  *'y"  in  Hgure 
9-17  illustrate  this  step. 

3.  Draw  a  vector  perpendicular  to  the  front 
originating  at  the  point  where  the  **y''  vector 
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inlcrsecls  (he  tVonl  jiul  label  this  vector  "x"  as 
illustnitecl  in  figure  9-17. 

4  At  a  convenient  distance  fioni  the  intersec- 
tion, along  the  *'\**  vector,  construct  a  perpen- 
dicular to  the  '*x**  vector,  letting  it  intersect  the 
*\v**  vector.  This  is  line  e  in  figure  9-17. 


AG.573 

Figure  9-17,— Geostrophic  wind  method. 

5.  The  angle  formed  at  the  intersection  of  the 
''y"  vector  and  the  perpendicular  originating 
from  the  ^W"  vector  is  labeled  0  (theta).  Measure 
angle  0  to  the  nearest  degree  with  a  protractor, 
and  determine  the  value  of  its  sine  by  using 
trigonometric  tables  or  a  slide  rule. 

6.  Let  side  a  of  the  right  triangle  formed  in 
step  4  represent  the  value  of  the  geostrophic 
wind  obtained  in  step  I  and  call  it  '  Cgs/*  Solve 
the  triangle  for  side  b  by  multiplying  the  sine  of 
0  by  the  value  of  Cgs.  The  resulting  value  of  b  is 
the  component  of  the  wind  normal  to  the  front, 
giving  it  its  forward  motion.  The  formula  is 

b  =  ( gs  X  sin  0 

In  a  sample  problem,  if  the  Cgs  was  deter- 
mined to  be  25  knots  and  angle  0  to  be  40"",  b  is 
19.1  knots,  since  the  sine  of  angle  0  is  0.643. 

The  Aerographer^s  Mate  can  see.  however, 
that  the  components  normal  to  the  front  should 
be  equal  on  both  sides  of  the  front  and  that  in 
reality  it  would  matter  very  little  where  the 
component  is  computed  in  advance  of  or  to  the 
rear  of  the  front.  In  cold  fronts  the  reason  why 
the  component  to  the  rear  is  chosen  is  that  this 


flow,  this  air  mass,  is  the  one  supplying  the  push 
for  the  forward  motion  and  that  in  the  case  of 
warm  front  the  receding  cold  air  mass  under  the 
warm  front  determines  the  forward  motion, 
becau.se  the  warm  air  mass  merely  replaces  the 
cold  air  and  does  not  displace  it. 

In  the  foregoing  discussion  we  have  neglected 
the  effects  of  cyclonic  and  anticyclonic  curva- 
ture in  the  isobars  and  the  effect  of  vertical 
motion  along  the  frontal  surfaces.  The  Aerogra- 
pliefs  Mate  can  readily  see  that  upglide  motion 
along  the  frontal,  surfaces  reduces  the  effective 
component  normal  to  the  Iront  and  furthermore 
that  cyclonic  curvature  in  the  isobars,  because  it 
indicates  convergence  in  the  horizontal  (there- 
fore divergence  or  mass  reduction  in  the  verti- 
cal), reduces  the  effective  component  normal  to 
the  front.  For  these  reasons,  the  component 
normal  to  the  front  is  reduced  at  the  surface 
only  by  the  following  amounts  for  the  different 
types  of  fronts  and  isobaric  curvature: 


Slow  moving  cold  front, 

anticyclonic  curvature   0% 

Fast  moving  cold  front. 

cyclonic  curvature   10-20% 

Warm  front  20-40% 

Warm  occluded  fronts   2040% 

Cold  occluded  fronts   10-30% 


If  the  pressure  gradient  is  forecast  to  increase, 
decrease  the  component  by  the  least  percentage. 

If  the  pressure  gradient  is  forecast  to  decrease, 
decrease  the  component  normal  to  the  front  by 
the  highest  percentage  value. 

If  the  pressure  gradient  is  forecast  to  remain 
static,  decrease  the  component  normal  to  the 
front  by  the  middle  percentage  value  as  listed 
above. 


Upper  Air  Influence  on  the 
Movement  of  Fronts 

A  number  of  the  rules  relating  the  upper  air 
con  tours  to  t  he  moveme n  t  of  fron  ts  were 
discussed  in  chapter  5.  You  saw  that  a  slow 
moving  cold  front  has  parallel  contours  behind 
the  front,  and  in  a  fast  moving  cold  front  the 
contours  were  at  an  angle  to  the  front  even  at 
times  normal  to  the  front. 
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Some  additional  rules  are  stated  below, 

I.  During  periods  of  strong*  continued  west- 
erly flow  aloft  (high  index)  over  North  America, 
surface  fronts  move  rapidly  eastward.  A  rule  of 
thumb  that  can  be  used  with  this  situation  is 
that  the  front  will  move  eastward  at  a  speed 
which  is  50  percent  of  the  500-n)b  flow  and  70 
percent  of  the  700-mb  tlow. 

?.  Cold  fronts  associated  with  cP  outbreaks 
are  closely  associated  with  the  depth  of  the 
northerly  winds  aloft.  The  following  relation- 
ships are  evident:  For  cP  air  to  push  southward 
into  the  Great  Basin  from  British  Columbia, 
strong  northerlies  must  exist  to  at  least  500  mb 
over  the  area:  for  cP  air  to  push  southward  into 
the  Gulf  of  Mexico  to  provide  extensive 
northers,  it  is  recognized  that  northerlies  and 
northwesterlies  must  exist  or  be  expected  at  500 
mb  as  far  south  as  Texas;  for  cP  air  to  push 
southward  over  Florida  to  Cuba,  northerlies 
must  exist  at  500  mb  as  far  south  as  the  Gulf 
States. 

FORECASTING  THE 
INTENSITY  OF  FRONTS 

Frontogenesis 

Fronts  intensity  when  one  of  the  following 
three  conditions  or  a  combination  of  them 
occurs: 

1.  The  mean  isotherms  (thickness  lines)  be- 
come packed  along  the  front. 

2.  The  fronts  approach  deep  upper  troughs, 

3.  Either  or  both  air  masses  move  over  a 
surface  which  strengthens  their  origmal  proper- 
ties. 

The  formation  of  new  fronts  is  a  phenomenon 
rarely  observed.  Air  mass  boundaries  seem  to  be 
perpetually  present  on  the  various  weather 
charts.  Frontogenesis  occurs  when  two  adjacent 
air  masses  exhibit  different  temperature  and 
density,  and  prevailing  winds  bring  them 
together.  This  condition,  however,  is  the  normal 
permanent  condition  along  the  polar  front  zone; 
therefore,  the  polar  front  is  semipermanent. 

Generation  of  a  new  front  or  sirengthening  of 
an  existing  front  occurs  during  the  winter 


months  along  the  eastern  coasts  of  the  American 
and  Asian  Continents.  When  the  continent  is 
much  cooler  than  the  bordering  ocean,  fronto- 
genesis may  be  progged  when  the  air  mass 
moving  out  onto  the  ocean  has  no  distinct  or  a 
weak  boundary. 

Frontolysis 

Weakening  or  dissipation  of  fronts  occurs 
when: 

1.  The  mean  isotherms  become  more  perpen- 
dicular to  the  front  or  more  widely  spaced. 

2.  They  move  out  of  a  deep  pressure  trough. 

3.  Either  or  both  air  masses  modify. 

4.  They  meet  with  orographic  barriers. 

PROGNOSTICATING  ISOBARS 

Isobars  may  be  constructed  on  the  surface 
prog  either  by  computing  the  central  pressures 
for  the  high  and  low  centers  and  numerous  other 
points  on  the  surface  prog  chart  and  drawing  the 
isobars  to  fit  the  combination  of  highs,  lows, 
fronts,  and  the  computed  pressures  or  by  mov- 
ing the  isobars  in  accordance  with  the  surface 
tendencies  and  indications. 

USING  THICKNESS  PROGS 

The  computational  procedure  for  construct- 
ing prognostic  i.sobars  using  the  thickness  prog- 
nosis is  as  follows: 

1.  At  a  selected  point,  determine  the  differ- 
ence between  the  present  500-mb  height  and  the 
progged  500-nib  height.  A  progged  rise  at  the 
500-mb  level  is  positive;  a  progged  fall,  negative. 

2.  At  the  same  selected  point,  determine  the 
difference  between  the  current  and  the  progged 
thickness  value,  a  progged  increase  in  thickness 
being  positive  in  value  and  a  progged  decrease  in 
thickness  being  negative. 

3.  Subtract  algebraically  the  difference  of  the 
progged  thickness  value  from  the  progged  differ- 
ence of  the  500-mb  level. 

4.  Convert  this  difference  in  feet  to  millibars 
by  letting  60  meters  equal  7  1/2  mb,  and  assign 
the  proper  sign. 
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Add  (or  Mibtract  if  the  value  is  negative) 
(his  value  to  the  current  sea  level  pressure.  This 
IS  (ho  progged  sea  level  pressure. 

(>  Repeat  steps  I  through  5  for  all  the  points 
selected,  and  sketch  the  isobars. 

USING  BAROMETRIC  TENDENCIES 

Hio  variations  of  the  changes  in  the  pressure 
lt^lnhlMuMl  from  one  chart  depend  upon  the 
bjionieiric  tendencies.  Having  the  pressure 
fopfloncy  at  point  A  on  the  1,000  isobar,  its 
displacement  along  an  axis  perpendiculm  to  the 
i^nh  tr  can  he  readily  determined,  (See  fig.  9-18.) 


AP  -  4Mb 


AG.574 

Frguie  9-18.-IVIovement  of  isobars  using  the 
tendency  formula. 


The  tendency  at  A  is  -2.0  mb,  v^hich  means 
the  pressure  at  A  was  1,002  mb  3  hours  ago. 
Since  the  pressure  at  A  has  dropped  2.0  mb 
during  the  last  3  hours,  the  1,002  isobar  will  be 
displaced  toward  isobars  representing  higher 
pressures.  Such  a  movement  must  take  place,  for 
with  the  same  drop  in  pressure  during  the  next  3 
hours,  the  barometer  at  A  would  read  998  mb. 
Assuming  the  same  drop  would  occur  all  along 
the  1 ,000  isobar,  it  would  be  moved  to  a  point 
halfway  between  its  present  position  and  the 
present  position  of  the  1,004  isobar. 

This  example  illustrates  the  formula  shown  in 
figure  9-18  where  V  is  the  3  hourly  movement 
of  an  isobar.  T  is  the  local  pressure  tendency,  D 
is  the  distance  between  neighboring  isobars,  and 
Ap  is  the  pressure  difference  between  isobars. 

In  order  to  use  this  equation  correctly,  the 
following  facts  must  be  considered;  First,  pres- 


sure tendencies  are  given  in  tenths  of  a  millibar, 
while  the  unit  isobars  are  drawn  for  every  2  or  4 
mb.  Second  the  normal  period  for  measuring 
pressure  tendencies  is  3  hours  so  that  velocities 
derived  from  this  formula  will  be  expressed  in 
terms  of  this  unit  and  whatever  unit  is  used  to 
measure  the  distance  between  isobars.  Finally, 
tailing  tendencies  will  give  positive  velocities  or 
movement  toward  h.igher  valued  isobars,  and 
rising  tendencies  will  give  negative  velocities  or 
movement  toward  low  valued  isobars.  The 
velocities  calculated  are  always  directed  along  an 
axis  perpendicular  to  the  isobars. 

The  above  Ibrecast  gives  the  instantaneous 
velocity  of  the  isobar  under  consideration.  Con- 
sequently, to  obtain  accurate  results,  the  pres- 
sure tendency  must  remain  constant  during  the 
forecast  period.  These  ideal  conditions  rarely 
exist  lor  extended  periods  of  time  with  the 
result  that  forecasts  for  longer  than  24  hours 
usually  become  inaccurate  in  detail  because  of 
acceleration. 


Extended  Weather  Forecasts 

Long  range  weather  forecasting  dates  back  to 
\yorld  War  II,  when  wartime  needs  for  extended 
forecasts  become  necessary.  What  began  in  an 
experimental  stage  has  now  become  quite  rou- 
tine. 

While  most  routine  forecasting  does  cover  a 
short  period  of  time,  generally  24  to  36  hours, 
the  forecaster  will,  upon  occasion,  be  called 
upon  to  provide  outlooks  for  extended  periods- 
up  to  7  days  or  longer. 

Facsimile  products  will^be  the  primary  tool  of 
the  forecaster  in  providing  extended  forecasts. 
At  the  present  time  the  NMC  provide;  a  package 
of  extended  forecast  charts.  Among  these  are  a 
72,  96,  and  !20  hour  sea  level  prognostic  chart, 
maximum  and  minimum  temperature  anomalies 
for  3,  4,  and  5  days,  a  5  day  mean  temperature 
anomaly,  and  total  precipitation  in  classes  for 
the  period  3-7  days  after  the  forecast  day. 

Complete  information  on  these  charts  may  be 
found  in  the  Weather  Bureau  Forecasters  Hand- 
book NO.  i -Facsimile  Products. 

Of  major  importance  to  the  forecaster  in 
preparing  an  extended  outlook  without  the 
benefit  of  facsimile  prognostic  charts  is  the 
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dctcrniiiiation  of  the  type  ol  How  {ao\u\  oi 
meridional)  that  can  be  expected  to  persist 
during  the  outlook  period.  W  ith  a  /,onal  flow  a 
steady  progicssion  ol  picssuie  systems  moving 
regularly  can  be  anticipated.  With  the  change  to 
a  meridional  tlow  the  mtroduction  ofLOld  polar 
or  Arctic  air  into  the  lower  latitudes  and  mixing 
with  the  warmer  air  will  create  a  number  of 
problems  to  be  considered.  Among  these  will  be 
the  development  ol  new  pressure  systems,  deep- 
ening or  filling  of  present  systems,  and  move- 
ment of  the  systems. 


The  forecastei  should  also  become  familial 
with  the  particulai  areas  that  tend  to  tiigger 
Ly  biogenesis  and/or  frontogeiicsis  and  utilize  this 
information  when  preparing  his  outlook.  Many 
of  the  Lliniatological  publications  that  are 
readily  available  make  note  of  these  :;reas. 

Many  local  area  forecaster's  handbooks  con- 
tain detailed  information  on  how  various 
weather  situations  approaching  the  station  MTcci 
the  station  weather  well  in  advance.  These 
should  be  used  when  available. 
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CHAPTER  10 

CLOUDINESS,  PRECIPITATION,  AND  TEMPERATURE 

FORECASTING 


Thicc  of  the  most  inipoit.mt  clciiunts  in  ^ 
lbiCL*ist  .tro  cIi)IkIiiU'>s.  piccipitatioii.  .uul  Kin 
pciMtiirc.  The  iKcUiiciico  ol  vloiulmcss  .iiiJ 
precipitation  ina\  l>c  Jivulal  inlu  two  mam 
cMtcgoiios  that  uhicli  occurs  with  ilunl^.  am! 
that  which  Occuis  m  an  nuisse*  nut  »i^^uv^aleJ 
with  fronts. 

ThcMc  arc  nianv  ladois  which  mlliuncc*  the 
diiily  heating  aiul  ci)ohnu  i)l  Uic  atini>^pIuIv 
which,  in  turn.  alTcvl  the  tenipciatuu.  Souk  i)l 
these  lactors  are  clouJinc>sJiuiniilit\  o\  {\u  ah. 
nature  of  the  earth\  sin  lace.  uiml.  elevatum. 
Lititutle.  aiKl  the  vertical  lap>e  late  .)!  tempera 
ture.  C'loutliiios  is  i]uitc  ohMous  m  its  innueiuc 
on  the  penetration  o!  inso!a!ion  \<  the  ^aithN 
surtaee  during  the  da\time  and  Kiauiatii)n  o\ 
the  net  loss  of  heat  b\  teircstrial  iadialu*n  at 
night. 

Other  faetors  which  allect  all  thuv  aic 
stability  ol  the  lapse  lates.  moditicatii^i  ul  an 
ni.isses.  distance  Irom  the  moisiuie  sour*.e.  and 
the  topographical  mHuenccs.  I  licsc  ellcct^  aie 
iiuieh  the  same  as  they  are  on  dimate  (as 
tliscussed  in  an  earlier  chaptei).  but  inudi  nujie 
on  a  local  scale  and  over  a  sliortci  peiiod  ol 
time. 

In  this  ehapter  we  are  mainlv  ciuiceined  with 
the  forecasting  ol  middle  and  upper  cloudiiies>. 
preeipitation.  and  local  leinpeialuie,  1  he  lore- 
easting  of  eonveeliVw  clouds  and  precipitation, 
and  fog  ami  stratus  is  covered  in  chapter  I  I 

CONDENSATION  AND  PRECIPITVI  ION 
PRODUCING  PROCESSES 

CONDENSATION  PRODUCING  PROCESSES 

To  convert  significant  amounts  ol  water  v^poi 
into  condensation  or  the  sublimation  stale,  the 
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tviiipeiatuie  ol  the  an  iiuist  be  ledueed  close  to 
iIk  dewpoiiit.  (Oiidciisation  depends  upon  two 
vaiiabks  the  amount  oT  cooling  and  the  relative 
laniuditv  of  the  all.  Two  conditions  must  be 
lullilled  il  ilu  condensation  of  water  vapor  is  to 
oc^ur  in  the  atmosphere.  I  list,  the  air  must  be 
at  or  near  saturation:  and  second,  hygio.scopie 
nuclei  must  be  pivsciit  The  first  condition  can 
be  biouglit  about  in  eitliei  of  iwo  ways  one  by 
evapoiatiuii  ol  more  moisture  into  the  air.  the 
v)ihci  by  t^oohng  the  an  to  its  dewpoiiit  teiiipera- 
uiu'.  The  Inst  process  can  occur  only  if  the 
vapoi  [)K>si.rc  ol  the  air  is  less  than  the  vapor 
piessure  ol  the  inoistuic  source,  and  results  in 
li^.  ( vu)hng  is  the  piiiicipal  condensation  pro- 
ducci  \onadiabatic  coohng  processes  (for 
^sample,  ladiation  and  conduction  associated 
with  advcetioiW  <csult  principally  in  fog.  light 
dii//le.  dew.  Ol  host,  'file  most  effective  cooling 
piiKCss  in  the  aliiiospliere  is  adiabatic  lifting  of 
ail.  It  IS  the  only  process  capable  of  producing 
piccipitatioii  in  appreciable  amounts.  It  is  like- 
wise a  principal  pioduccr  of  clouds,  fog.  and 
dn//le.  The  meteorological  processes  which  re- 
sult 111  veitical  motion  of  air  aie  discussed  in  the 
lollowiiig  sections.  It  should  be  eiiiphasi/ed  that 
none  of  the  cooling  processes  are  capable  of 
pruducing  condensation  by  themselves  moisture 
in  the  lorni  of  water  vapor  must  be  present. 

PRLCIPITATION  PRODUCING  PROCESSES 

Precipitation  occurs  when  the  products  of 
condensation  and/or  sublimation  coalesce  to 
form  liydioineteors  too  heavy  to  be  supported 
by  the  upward  movement  of  the  air.  Although 
the  process  of  coalescence  is  not  fully  under- 
stood, it  is  e)bvious  that  a  large  and  continuously 
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rcploiiishcil  MippK  o\  walci  Jioplcls  or  icc 
crvsKils  (or  hoUi)  ,ik'  ncccss.ny  il  jppicclahic 
ainoiiiils  orprccipilaiioii  arc  lo  occur. 

Ailiahalic  lifiiiii:  of  air  is  hrouiilii  ahoui  hy 
lliroo  general  inelhocis:  orourapliic  lilliiig*  iVoii- 
lal  lifliiig,  and  vcilical  sirclcliiiii:  (or  liori/onlal 
convergence).  All  of  ilicsc  nicclianisnis  are  llie 
indirect  results  of  liori/ontal  motion  of  air  and 
its  variation  in  space. 

Orographic  Lifting 

Orographic  lifting  in  the  most  elTeclive  and 
intensive  of  all  cooling  processes.  I  lori/,oni;.l 
motion  is  converted  into  vertical  motion  ir* 
proportion  to  the  slope  of  the  inclined  surlace. 
Comparatively  llal  icrr.iin  can  have  a  slope  ol'as 
much  as  I  mile  in  20  miles.  The  greatest 
extremes  in  rainfall  records,  hotli  in  amounts 
and  intensities  for  varying  periods,  occur  at 
mountain  stations,  l  or  tins  reason  the  forecaster 
should  he  thoroughly  familiar  with  the  signifi- 
cant features  of  the  terrain. 

Frontal  Lifting 

i-rontal  lilting  is  the  term  applied  to  the 
process  represented  on  a  front  when  the  inclined 
surface  represents  the  boundary  heiween  two  air 
masses  of  different  densnies.  In  tins  case,  how- 
ever, the  slope  ranges  from  1/20  to  I;  100  or 
even  less.  The  sleeper  the  front,  the  more 
adverse  and  intense  its  effects,  other  factors 
being  equal.  These  effects  were  discussed  more 
fully  in  chapter  6  of  this  irammg  manual. 

Vertical  Stretching 

Since  il  is  primarily  from  properties  of  the 
horizontal  wi' d  field  that  vertical  stretching  is 
detectable,  it  is  more  propeny  called  con- 
vergence. This  term  will  he  used  hereafter. 

Convergence  does  not  always  result  in  upward 
motion  of  air:  only  if  the  convergence  occurs 
through  an  appreciable  layer  bounded  on  its 
lower  side  by  a  solid  surface,  does  convection 
occur.  In  order  for  subsidence  to  occur*  there 
must  be  a  layer  of  divergence  below.  Upper 
divergence  associated  with  lower  level  converg- 
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ciicc  is  tlie  typical  cyclonic  circulation,  riiis 
combination  is  a  \er>  elfccti\e  pictipitation 
producer, 

riie  examples  of  convergence  and  divergence, 
explained  in  the  foregoing,  are  delniitc  and  clear 
cut,  associated  as  they  are  with  the  centers  of 
closed  How  patterns.  More  subtle,  less  easily 
detected  types  of  convergence  and  divergence 
are  associated  with  curved,  wave-shaped,  or 
straight  llow  patterns,  where  the  air  is  every- 
where moving  in  the  same  general  direction.  The 
cjualitative  variation  of  convergence  ,ind  diveri;- 
ence  is  indicated  in  figures  1 0-1,  10-2,  1 0-3,  and 
10-4  by  means  of  the  following  key: 

cc  marked  convergence, 

e  convergence, 

o  little  or  no  convergence  or  divergence, 

d  divergence, 

dd  marked  divergence. 

Arrows  have  the  following  interpretations. 

 ^  wind  direction  and  speed. 

I   movement  of  center. 
 ^  path  of  air  current. 

The  left  side  of  figure  1 0-1  illustrates  longi- 
tudinal convergence  an-.l  divergence:  the  right 
side  illustrates  lateral  convergence  and  diverg- 
ence. Many  more  complicated  situations  can  be 
analyzed  by  separation  into  these  components. 

It  can  be  shown  matliematically  and  vended 
synoptically  that  a  fairly  deep  layer  of  air 
moving  with  a  marked  north-south  component 
has  associated  with  it  convergence  or  divergence, 
tiepeiiding  on  the  direction  and  curvature  of  the 
path  followed  by  the  stream  of  air.  In  figure 
10-2  the  arrows  indicate  paths  of  meridional 
llow  in  the  Northern  I kMnisi)here.  In  general, 
eijuatorwaril  llow  is  divergent  unless  turning 
cyclonically ,  and  polevvaril  llow  is  convergent 
unless  turning anticyclonically. 

AG.575 

Figure  10-1.— Longitudinal  and  lateral  convergence 
and  divergence. 


307 

313 


AI-KOGKAIMIHirS  MATIi  I  &  C 


AG.576 

Figure  10-2.-Convergence  and  divergence 
in  meridional  flow. 

The  four  dhigninis  of  figure  10-3  represent  Ihe 
approximate  dislribulion  of  convergence  and 
divergence  in  Norllicrn  Hemisphere  cyclones  and 
anticyclones,  l-or  moving  centers,  the  greatest 
convergence  or  divergence  occurs  on  and  near 
the  axis  along  which  the  system  is  moving.  The 
diagrams  of  figure  10-3  show  eastward  move- 
ment, but  they  apply  regardless  of  the  direction 
of  movement  of  the  center. 


travel  is  often  the  factoi  determining  the  distri- 
bution. The  most  cohnnon  distribution  for 
waves  moving  toward  the  easl  is  illustrated  in 
llgure  10-4.  There  is  relatively  little  divergence 
at  trough  and  ridge  lines,  with  convergence  to 
the  west  and  divergence  to  the  east  of  the  trough 
lines.  Patterns  of  this  type  are  more  common  on 
upper  air  charts  than  on  surface  charts. 
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Figure  10-3.— Convergence  and  divergence 
in  tows  and  highs. 

Wave-shaped  flow  patterns  are  not  quite  so 
easily  classified  with  regard  to  convergence  and 
divergence  because  the  speed  at  which  they 
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Fsgure  10-4.— Convergence  and  divergence  in  waves. 


Comparatively  greater  space  has  been  devoted 
here  to  convergence  because  it  is  the  least 
understood  and  most  difficult  to  assess  of  all 
weather-producing  processes.  Its  area!  extent 
ranges  from  the  extremely  local  convergence  of 
thunderstorm  cells  and  tornadoes  to  the  large- 
scale  convergc;nce  of  the  broad  and  deep  cur- 
rents of  poleward-  and  equatorward-nioving  air 
masses. 

The  amount,  type,  am'  intensity  of  the 
weather  phenomena  which  result  from  any  of 
the  lifting  processes  described  in  this  .section 
depend  on  the  stability  or  convective  stability  of 
the  air  being  lifted. 

It  should  not  be  inferred  from  the  discu,ssion 
of  (his  section  that  only  one  of  the  mechanisms 
is  operative  in  any  particular  weather  situation. 
On  the  contrary,  any  combination  of  two,  or  all 
three  in  conjunction,  is  possible  and  even  prob- 
able. For  instance,  an  occluded  cyclone  of 
maritime  origin  moving  onto  a  mountainous 
west  coa.st  of  a  continent  could  easily  have 
associated  with  it  warm  frontal  lifting,  cold 
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fronlal  lifliiig,  orographic  lifting,  latcial  converg- 
ence, and  convergence  in  southerlv  flow.  Nearly 
all  fronts  have  some  convergence  associated  with 
them. 

WEATHER  DISSIPATION  PROCESSES 

Eaeh  of  the  processes  tlescribetl  in  the  preced- 
ing section  has  its  counterpart  among  the 
condensation-preventing  or  weather-dissipating 
processes.  Dovvnslope  motion  on  the  lee  side  of 
orographic  barriers  results  in  adiabatic  warming, 
and  there  is  also  heating  (a  nonadiabatic  process) 
of  currents  due  to  insolation  from  relatively 
cloudless  .skies.  If  the  air  mass  above  and  ahead 
of  a  frontal  surface  is  moving  with  a  relative 
component  away  from  the  front,  dovvnslope 
motion  with  adiabatic  warming  will  occur.  Di- 
vergence of  air  from  an  area  must  be  compen- 
sated for  by  bringing  down  air  from  aloft,  which 
is  warmed  adiabatically  in  the  process.  All  these 
iiieclianisnis  have  the  common  effect  of  increas- 
ing the  temperature  of  the  air.  thus  preventing 
condensation. 

The.se  processes  likewise  occur  in  combination 
with  one  another,  but  they  also  occur  in 
combination  with  the  condensation-producing 
processes.  This  can  lead  to  situations  which 
require  the  most  careful  analysis.  For  instance,  a 
current  of  air  moving  equatorvvard  on  a  straight 
or  anticyclonically  curved  path  encounters  an 
orographic  barrier  oriented  across  its  path,  if  the 
slope  is  sufficiently  steep  or  the  air  is  suffici- 
ently moist,  precipitation  will  occur  in  spite  of 
the  divergence  and  subsidence  associated  with 
the  flow  pattern.  The  dry,  sometimes  even 
cloudless,  cold  front  which  moves  rapidly  from 
west  to  east  in  winter  is  an  example  of  upper 
level  downslope  motion  which  prevents  the  air 
being  lifted  by  the  front  from  reaching  the 
condensation  level. 

The  precipitation  process  itself  opposes  the 
mechanism  which  produces  it,  both  by  contrib- 
uting the  latent  heat  of  vaporization  and  by 
exhausting  the  supply  of  water  vapor  if  the 
moisture  source  is  cut  off. 

FORECASTING  FRONTAL  CLOUDS  AND 
WEATHER 

The  cloud  and  weather  systems  most  difficult 
to   forecast   are   those   associated  with  new. 
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developmental  weather  activity,  usually  that  of 
cyclogenesis.  Although  there  are  no  known 
general  methods  for  forecasting  cyclogenesis 
with  any  great  success,  it  is  well  known  that 
falling  pressure,  precipitation,  and  expanding 
,shields  of  middle  clouds  indicate  that  the  cyclo- 
genetic  process  is  operating  and,  by  following 
these  indications,  successful  forecasts  can  often 
be  made  for  12  to  24  hours  in  advance.  For 
longer  period  forecasts,  the  difficulties  increase. 
Most  of  the  winter  precipitation  of  the  lowlands 
in  the  niidlatitudes  is  chiefiy  cyclonic  or  frontal 
in  origin  though  convection  is  involved  when  the 
displaced  air  ma,ss  is  conditionally  or  convec- 
tively  unstable.  Cyclones  are  important  genera- 
tors of  precipitation  in  the  Tropics  as  well  as  in 
niidlatitudes. 

Since  the  correct  cloud  and  precipitation 
forecast  is  a  combination  of  a  number  of  factors, 
consideration  of  these  factors  should  be  a  matter 
of  choice  of  t!ie  individual  forecaster.  Some  of 
the  factors  involved  and  to  be  considered  are 
listed  below,  not  necessarily  in  the  order  of 
importance: 

1.  The  location  of  the  cyclone  and/or  front 
with  respect  to  latitude,  geography,  terrain, 
maritime  iiifiuences,  and  the  surface  over  which 
the  front  or  low  will  nio  .  with  the  modifying 
in  fiuenccs. 

2.  The  type  of  low,  the  type  and  slope  of  the 
front,  tlie  stability  of  the  air  ma,sses,  moisture 
content  and  discontinuity,  temperature  contrast, 
wind  and  contour  pattern  aloft,  speed  of  the  low 
or  front,  and  future  movement. 

Knowing  normal  weather  patterns  with  fronts 
and  lows  for  particular  areas  will  also  be  helpful. 
As  pointed  out  before,  a  thorough  understand- 
ing of  the  physical  processes  by  which  precipita- 
tion develops  and  spreads  is  es,sential  .0  a  good 
precipitation  forecast.  Another  vexing  problem 
to  the  forecaster  is  often  the  separation  of 
fro/en  froi?i  unfrozen  types  of  precipitation. 
This  problem  is  discussed  later  in  the  chapter. 

FRONTAL  CLOUDINESS 
AND  PRECIPITATION 

Cold  Front 

The  study  of  constant  pressure  charts  in 
conjunction  with  the  surface  synoptic  .situation 
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is  helpful  in  rorocasiiiig  cloudiness  and  precipita- 
tion associated  with  IVonts.  When  the  contours 
at  700  mb  aie  perpendicular  to  the  surface  cold 
front,  the  band  of  weather  associated  with  the 
front  is  narrow.  This  is  the  situation  that  occurs 
with  a  fast  moving  front.  If  the  front  is  a  slow 
moving  front,  the  weather  and  precipitation 
extends  as  far  behind  the  front  as  the  winds  at 
the  700-mb  level  are  parallel  to  the  front.  In 
both  of  these  cases  the  How  at  700  mb  also 
indicates  the  slope  of  the  front  the  region  in 
wdiicli  the  frontal  lifting  is  concentrated.  Since 
the  front  at  700  mb  lies  close  to  the  trough  line 
at  700  mb,  it  is  apparent  that  when  the  wind  at 
700  mb  is  prependicular  to  the  surface  front 
that  the  700-mb  trough  is  very  nearly  above  the 
surface  trough,  hence  the  slope  of  the  front  is 
very  sleep.  When  the  700-mb  How  is  parallel  to 
the  surface  front,  the  trough  lies  to  the  rear  of 
the  surface  fiont  and  beyond  the  region  in 
which  (he  tlow  continues  parallel  to  the  front. 
Consequently,  the  frontal  slope  is  more  gradual, 
and  lifting  is  continuing  between  the  surface  and 
700  mb  at  some  tlistance  behind  the  surface 
frontal  position. 

Another  factor  which  contributes  to  the 
distribution  of  cloudiness  and  precipitation  in 
these  two  situations  is  the  curvature  of  the  flow 
aloft.  Cyclonic  flow  is  associated  with  horizontal 
convergence,  and  anticyclonic  !low  is  associated 
with  hori/onial  divergence. 

Ver;.  little  weather  is  associated  with  a  cold 
front  if  the  mean  isotherms  are  perpendicular  to 
the  front.  When  the  mean  isotherms  are  parallel 
to  the  front,  weather  will  occur  with  the  front. 
This  principle  is  associated  with  the  contrast  of 
the  two  air  masses,  hence,  with  the  effectiveness 
of  lifting. 

Satellite  photographs  both  Advanced  Vidi- 
coni  Camera  Sub  System  (AVCS)  and  fiigh 
Resolution  Infrared  (IIRIR).  provide  a  represen- 
tative picture  of  the  cloud  structure  of  frontal 
systems.  Active  cold  fronts  appear  as  continuous 
well  developed  cloud  bands  compo.sed  of  low, 
middle,  and  high  clouds.  This  is  caused  by  the 
upper  wind  How  which  is  parallel,  or  nearly 
parallel  to  the  frontal  /.one  (fig.  10-5). 

The  perpendicular  component  of  the  upper 
winds  associated  with  the  inactive  cold  front 
cause  the  cloud  bands  to  appear  as  narrow, 
fragmented,  or  discontinuous.  The  band  of 
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Figure  10-5.-An  active  cold  front. 

clouds  is  comprised  mainly  of  low  level  cumulus 
and  stratiformed  clouds,  but  some  cirriform  may 
be  present.  Inactive  cold  fronts  over  water 
Occasioniilly  will  have  the  .same  appearance  as 
active  fronis  over  land,  while  over  land  they  may 
have  few  or  no  clouds  present.  Figure  10-6 
depicts  the  fragmented  clouds  with  an  inactive 
cold  front  in  the  lower  portion,  while  a  more 
active  cold  front  cloud  presentation  is  shown  m 
the  upper  portion. 
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Figure  10-6.— Inactive  and  active  cold  front  satellite  photograph. 


Warm  Front 

Cloudiness  and  preeipitation  occur  where  the 
700-nib  How  acro.ss  the  warm  front  is  from  the 
warm  to  (he  cold  side  and  is  turning  cyoionically 
or  moving  in  a  straight  line.  This  implies 
convergence  associated  with  the  cyclonic  curva- 
ture. Warm  fronts  are  accompanied  by  no 
weather  and  few  clouds  if  the  700-mh  How 
above  them  is  anticyclonic.  This  is  due  to 
horizontal  divergence  associated  with  anti- 
cyclonic  curvature. 

The  700-nib  ridge  line  ahead  ol  a  warm  front 
ni-ay  be  considered  the  forward  limit  of  prewaim 
front  cloutlincss.  The  sharper  the  ridge  line,  the 
more  accuiate  the  rule.  This,  too,  is  associated 
with  divergence  and  convergence.  The  500-mb 
ridge  line  may  be  considered  the  forward  hinit 
of  the  cirrus  cloud  shield. 


When  the  slope  the  warm  front  is  nearly 
hi^rir.OiUal  near  the  surface  position  and  is  steep 
several  hundred  miles  north  of  the  surface 
position,  the  area  of  precipitation  is  situated  in 
the  region  where  the  slope  is  steep.  There  may 
be  no  precipitation  just  ahead  of  the  surface 
frontal  position. 

A  ^eneial  consensus  appears  to  be  that  frontal 
clouds  are  usually  layered;  that  the  high  clouds 
are  usually  detached  from  the  middle  clouds: 
and  that  middle  clouds  are  often  wel!  layered 
and  many  limes  do  not  extend  very  high.  It  has 
been  found  by  llights  through  warm  fronts,  and 
otiici  evidence,  (hat  the  thick  solid  mass  of 
clouds  which  extends  up  to  7  to  8  km  in  a  belt 
several  hundred  miles  wide  along  and  ahead  of 
the  vvaim  fiuiil.  *is  depicted  by  the  classical 
inodeLs,  IS  not  t^picd  of  most  fronts. 

Active  warm  fronts  are  at  best,  difficult  to 
locale  on  sateMite  cloud  pictures,  while  inactive 
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warm  fronts  cannot  he  located.  An  active  warni 
front  may  be  associated  with  a  well  organized 
lIoiuI  band,  but  the  frontal  zone  ibtelf  will  be 
diffiLiilt  to  loLate.  An  active  warm  front  may  be 
placed  :>omc\\lierc  under  the  bulge  of  cloiidb 
that  are  associated  with  the  peak  of  the  warm 
sector  of  a  frontal  system.  The  clouds  are  a 
combination  of  stratiform  aiid  cuniuliform  be- 
neath a  cirri  form  covering.  (See  fig.  10-7.) 

It  must  be  remembered  that  no  one  condition 
represents  what  could  be  called  typical  condi- 
tions, as  each  front  presents  a  different  situation 
with  respect  to  the  air  masses  involved.  There- 
fore, each  front  must  be  treated  as  a  separate 
vase,  using  present  indications,  geographical  lo- 
cation, stabilit>  of  the  air  masses,  moisture 
content,  and  mtcuMty  of  the  front  to  determine 
its  precipitation  characteristics. 


Orographic  Barriers 

In  general,  an  orographic  barrier  increases  the 
extent  and  duration  of  cloudiness  and  precipita- 
tion on  the  windward  side  of  the  orographic 
barrier  and  decreases  it  on  the  lee  side  of  the 
orographic  barrier. 

AIR  MASS  CLOUDINESS 
AND  PRECIPITATION 

Surface  heating  or  cooling  and  movement  of 
the  air  mass  against  orographic  barriers  and 
movement  of  the  air  mass  in  a  cyclonic  or 
anticyclonic  pain  are  the  impoUant  factors  in 
the  production  of  air  mass  weather. 

If  an  air  mass  moves  so  that  it  is  lifted  over  an 
orographic  barrier  and  the  lifting  is  sufficient  for 
the  air  to  reach  its  lifting  condensation  level, 
cloudiness  of  the  convective  type  occurs.  If  the 
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air  is  coiivectively  unstable  and  has  sufHcient 
moisture,  showers  or  thunderstorms  occur.  This 
is,  ot*  course,  on  the  windward  side  of  the 
barrier. 

Curvature  of  the  How  aloft  also  affects  the 
occurrence  of  cloudiness  and  precipitation. 
Actually  the  shear  should  also  be  considered, 
but  it  is  seldom  considered,  since  it  is  difficult  to 
evaluate  at  levels  below  the  300-nib  level.  In  a 
cold  air  mass,  showers  and  cumulus  and  strato- 
cumulus  clouds  are  found  only  in  those  portions 
of  the  air  mass  which  are  moving  in  a  cyclon- 
ically  curved  path.  In  a  waim  air  mass  moving 
with  a  component  from  the  south,  cloudiness 
and  precipitation  will  be  very  abundant  under  a 
current  turning  cyclonically  or  even  moving  in  a 
straight  line.  Clear  skies  occur  wherever  a  cur- 
rent of  air  is  moving  from  the  north  in  a  straight 
line  or  in  an  anticyclonically  curved  path.  Clear 
skies  also  are  observed  in  a  current  of  air  moving 
from  the  south  if  it  is  turning  sharply  anti- 
cyclonically. Elongated  V-shaped  troughs  aloft 
have  cloudiness  and  precipitation  in  the  south- 
erly current  in  advance  of  the  troughs,  with 
clearing  at  the  trough  line  and  behind  it.  These 
rules  also  apply  in  situations  where  this  type  of 
low  is  associated  with  frontal  situations. 

Cellular  cloud  patterns  (open  or  closed)  as 
shown  by  satellite  cloud  photographs  will  pro- 
vide the  forecaster  with  information  to  identify 
regions  of  cold  air  advection,  areas  of  cyclonic, 
anticyclonic,  and  divergent  wmd  flow  within  air 
masses,  especially  behind  polar  fronts  and  over 
oceanic  areas. 

Open  cellular  patterns  are  most  commonly 
found  to  the  rear  of  cold  fronts  in  cold  unstable 
air.  These  patterns  are  made  up  of  many 
individual  cumuliformed  cells.  The  cells  are 
composed  of  cloudless,  or  less  cloudy,  centers 
surrounded  by  cloud  walls  with  a  predominant 
ring  or  U-shape.  In  the  polar  air  mass  the  open 
cellular  patterns  that  form  in  the  deep  cold  air 
are  predominately  cumulus  congestus  and  cumu- 
lonimbus. The  open  cells  that  form  in  the 
subtropical  high  are  mainly  stratocumulus,  cum- 
ulus, or  cumulus  congestus  clusters.  In  order  for 
open  cells  to  form  in  a  polar  high,  there  must  be 
moderate  to  intense  heating  (a  large  air-sea 
temperature  difference)  of  the  air  mass  from 
below.  When  the  cold  continental  air  moves  over 
the  water,  the  moist  layer  is  shallow  and  capped 
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by  a  subsidence  inversion  near  the  coast,  l  urther 
downstream  the  vertical  height  of  the  moist 
layer  increases,  as  does  the  height  of  iho  clouds, 
and  the  capping  is  caused  by  dry  air  entrain- 
nient.  In  figure  10-8  the  open  cells  behind  a 
polar  front  over  the  North  Atlamic  indicate  cuki 
air  advection  and  cyclonic  curvature  of  the  low 
level  wind  flow.  Vertical  thickness  of  the  cum- 
ulus at  A  is  small  but  increases  easluard 
toward  B, 

Figure  10-9  shows  a' large  area  of  the  .sub- 
tropical high  west  of  Peru  covered  with  open 
cells.  These  are  not  associated  with  low  level 
cyclonic  flow  or  steady  cold  air  advection. 

Closed  cellular  patterns  are  characterized  by 
approximately  polygonal  cloud  covered  areas 
bounded  by  clear  or  less  cloudy  walls.  Atmos- 
pheric conditions  necessary  for  the  formation  of 
closed  cells  are  weak  convective  mixing  in  the 
lower  levels  and  a  cap  to  this  mixing.  The 
convective  mixing  is  the  result  of  surface  heating 
of  the  air  or  radiational  cooling  of  the  cloud 
tops.  This  convection  is  not  as  intense  as  thai 
associated  with  open  cells.  The  cap  to  the 
instability  associated  with  these  closed  cellular 
cloud  patterns  is  in  the  form  of  a  subsklence 
inversion  in  both  polar  and  subtropical  situa- 
tions. Closed  cellular  patterns  are  made  up  of 
stratocumulus  elements  in  both  the  polar  and 
subtropical  air  masses  and  may  also  be  accom- 
panied by  trade  wind  cumulus  in  the  subtropical 
high.  Closed  cells,  when  associated  with  the 
subtropical  highs,  are  located  in  the  eastern 
sections  of  the  high  pressure  area.  Closed  cells 
are  associated  with  limited  low  level  instability 
below  the  subsidence  inversion  and  extensive 
vertical  convective  activity  is  not  likely.  Figure 
10-10  shows  closed  cells  in  the  southeastern 
portion  of  a  polar  high  near  A. 

Figure  1 0-1  I  shows  closed  cells  in  the  eastern 
portion  of  a  subtropical  high  in  the  South 
Pacific.  West  of  A  the  closed  cells  are  composed 
of  stratocumulus  with  some  clear  walls  anil  east 
of  the  walls  are  composed  of  thinner  clouds. 

VERTICAL  MOTION  AND  WEATHER 

Upward  motion  is  associated  with  increasing 
cloudiness  and  precipitation,  subsidence  with 
improving  weather.  There  have  been  a  number 
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Figure  10-8. —Open  cells  on  a  satellite  photograph. 
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Figure  10*9.— Open  cells  in  the  subtropical  high. 


of  Studies  of  the  relationship  between  precipita- 
tion and  vertical  velocities  computed  by  various 
techniques.  In  all  cases,  the  probability  of 
precipitation  is  considerably  higher  in  the  6 
hours  following  an  updraft  than  following  subsi- 
dence. Clear  skies  are  most  likely  following 
downd  rafts. 

Vertical  motion  analysis  charts  and  prognostic 
charts  are  currently  being  transmitted  on  the 
National  Facsinille  Network.  The  values  are 
computed  by  Numerical  Weather  Prediction 
Methods  and  are  analyzed  on  the  charts.  Plus 
values  represent  upward  motion,  and  minus 
values  downward  motion  (subsidence). 

A  more  detailed  discussion  of  the  relationship 
of  vertical  motion  to  middle  cloudiness  precipi- 
tation, and  convective  activity  may  be  found  in 
Vertical  Motion  and  Weather  Forecasting, 
NWRF  30-0359-024. 

VORTICITY  AND  PRECIPITATION 

Vorticity  has  been  discussed  in  detail  in 
chapter  4  of  this  training  manual.  We  have  seen 
that  relative  vorticity  is  due  to  the  effects  of 
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Figure  lO-lO.-Closed  cells  in  polar  high. 


both  curvature  and  shear.  Studies  have  led  to  the 
following  rule:  Cloudiness  and  precipitation 
should  prevail  in  regions  where  the  relative 
vorticity  decreases  downstream  along  the 
streamlines.  Fair  weather  should  prevail  where  it 
increases  along  the  streamhnes. 

The  fact  that  both  wind  shear  and  curvature 
must  be  considered  when  relative  vorticity 
changes  are  investigated  results  in  a  large  number 
of  possible  combinations  on  upper  air  charts. 
When  both  terms  are  in  agreement,  we  can 
confidently  predict  precipitation  or  fair  weather, 
as  the  case  may  be.  When  the  two  terms  are  in 
conflict,  computation  must  be  made  before  the 
forecast  can  be  made.  Since  the  former  case 
should  include  the  most  potent  rain  producing 
situations,  actual  computations  are,  in  general, 
unnecessary. 

For  a  full  discussion  of  this  problem,  it  is 
suggested  that  ihe  AG  refer  to  Precipitation  and 
Vorticity,  AROWA  13-0953-092. 


MIDDLE  CLOUDS  IN  RELATION 
TO  THE  JETSTREAM 

Jets  show  as  much  individuality  with  respect 
to  associated  weather  as  do  fronts.  Because  of 
the  individuahty  of  jetstreams,  and  also  because 
of  the  individuahty  of  each  situation  with 
respect  to  humidity  distribution  and  lower  level 
circulation  patterns,  statistically  stated  rehition- 
ships  become  somewhat  vague  and  are  of  httle 
value  in  forecasting.  However,  the  results  of  one 
study  of  visual  cloud  observations  from  meteor- 
ological research  probing  of  jetstreams  found 
that  the  layer  types  of  middle  clouds  were 
reported  mostly  to  the  right  (or  high -pressure 
side)  of  the  Jetstream  axis. 

SHORT  RANGE  EXTRAPOLATION  FOR 
TERMINAL  FORECASTING 

The  purpose  of  this  section  of  the  chapter  is 
to  outhne  several  methods  which  are  particularly 
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Figure  10-1 1.-Closed  cells  in  a  subtropical  high. 

suited  for  preparing  forecasts  for  periods  of  1  to 
3  hours.  All  the  techniques  presented  are  based 
on  a  single  forecasting  principle  extrapolation. 
Extrapolation  is  the  most  powerful  short  range 
forecasting  tool  currently  available  to  meteor- 
ologists. 

Extrapolation  is  the  estimating  of  the  future 
value  of  .some  variable  from  observations  of  its 
present  and  past  values.  In  its  simplest  form,  as 
discussed  in  this  section,  extrapolation  is  taken 
linearly,  with  only  very  crude,  if  any,  considera- 
tion given  to  accelerations.  The  quality  and 
frequency  of  observations  do  not  generally 
permit  or  justify  use  of  more  sophisticated 
techniques  for  treating  accelerations,  nor  do 
short  range  forecasts  generally  require  them. 
Even  the  simplest  methods  are  sensitive  to  the 
quality  and  time  spacing  of  the  observations  as 
well  as  the  quality  of  any  analysis  of  these 
obsemtions. 

The  hourly  sequences  obviously  cannot  pro- 
vide a  complete  nor  even  a  wholly  adequate 
picture  of  the  weather  under  all  conditions. 
When  special  conditions  prevail,  the  REMARKS 
section  provides  opportunity  for  simplifying  the 


observations.  This  may  be  of  great  importance  in 
bad  flying  weather.  The  forecasters  and  observ- 
ers should  utilise  the  remarks  section  as  much  as 
possible  to  this  end. 

NEPHANALYSIS 

Nephanalysis  may  be  defined  as  any  form  of 
analysis  of  the  field  of  cloud  cover  and/or  type. 
The  potentialities  of  specialized  nephanalysis 
may  seem  to  be  obvious,  but  in  practice, 
difficulties  are  encountered.  The  cloud  observa- 
tions received  in  synoptic  codes  permit  only  a 
highly  generalized  and  incomplete  discription  of 
the  actual  structure  of  the  cloud  systems;  the 
observation  stations  are  usually  too  far  apart  to 
permit  a  representative  picture  of  the  distribu- 
tion of  many  features  which  have  a  high  degree 
of  spatial  and  time  variability;  so  many  para- 
meters are  observed  that  they  cannot  all  be 
readily  analyzed  on  one  chart. 

In  view  of  the  above  limitations,  forecasters 
should  approach  this  problem  with  an  open 
mind  for  further  experimentation.  You  should 
select  for  analysis  only  the  particular  parts  of 
the  cloud  observations  which  are  important  to 
the  intended  application,  then  adjust  the  chart 
scale,  the  degree  of  detail,  and  the  mode  of 
representation  to  the  characte;  of  the  data  and 
to  the  purpose. 

At  present,  few  forecasters  make  full  use  of 
the  cloud  reports  plotted  on  their  charts,  and 
often  many  cloud  reports  are  omitted.  Obvi- 
ously, the  first  consideration  in  nephanalysis  is 
to  survey  what  cloud  information  is  transmitted 
and  to  make  sure  that  everything  pertinent  is 
plotted  on  the  regular  charts.  For  very  short 
range  forecast,  the  charts  at  6-,  12-,  and  24-hour 
intervals  are  apt  to  be  insufficiently  frequent  for 
use  of  the  extrapolation  techniques  explained  in 
this  chapter.  Either  neph  charts  or  surface  charts 
should  then  be  plotted  at  the  intermediate  times 
from  3-hourly  synoptic  reports  or  even  from 
hourly  sequences.  An  integrated  system  of  fore- 
casting ceiling,  visibility,  cloud  cover,  and  pre- 
cipitation should  be  considered  simultaneously 
as  these  elements  are  physically  dependent  upon 
the  same  synoptic  processes. 

With  the  advent  of  satellite  cloud  pictures  it  is 
rare  that  hephanalysis  form  manually  plotted 
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data  will  be  pcrforniccl.  Instead,  the  surfaee 
analysis  and  satellite  eloiid  pietures  will  be 
utilized  together. 

FRONTAL  PRECIPITATION 

For  short  range  terminal  forecasting,  the 
question  is  often  not  whether  there  will  be  any 
precipitation,  but  when  will  it  begin  or  end;  for 
example,  in  cases  where  it  has  already  begun 
upstream  or  at  the  terminal. 

This  problem  is  well  suited  to  extrapolation 
methods.  The  prediction  of  new  precipitation 
areas,  such  as  those  associated  with  new  wave 
development,  upper  troughs,  etc.,  of  course, 
requires  other  synoptic  methods.  However,  for 
very  .short  range  forecasting,  the  use  of  hourly 
nephanalysis  often  serves  to  '*pick  up"  new 
precipitation  areas  forming  upstream  in  suffi- 
cient time  10  alert  a  downstream  area.  Also,  the 
thickening  and  lowering  of  middle  cloud  (alto- 
.stratus)  decks  generally  indicate  whe'*e  an  out- 
break of  precipitation  may  soon  occur. 

Forecasting  the  Movement  of 
Precipitation  Areas  by  Isochrones 

The  areas  of  continuous,  intermittent,  and 
showery  precipitation  can  be  outlined  on  a 
special  large-<^calc  3-hourly  or  hourly  .synoptic 
chart  in  a  manner  similar  to  the  customary 
shading  of  precipitation  areas  on  ordinary  syn- 
optic surface  weather  maps.  Different  types  of 
lines,  shading,  or  .symbols  can  distinguish  the 
various  types  of  preciniti^tinn.  Isochrones  of 
several  hourly  past  positions  of  the  lines  of 
particular  interest  can  then  be  added  to  the 
chart  and  extrapolations  for  several  hours  made 
from  them  if  reasonably  regular  past  motions  are 
in  evidence.  A  separate  isochrone  chart  (or 
acetate  overlay)  may  be  easier  to  use.  Lines  for 
the  beginning  of  continuous  precipitation  are 
illustrated  in  figure  10-12.  The  isochrones  for 
.showery  or  intermittent  precipitation  usually 
give  more  uncertain  and  irregular  patterns  which 
result  in  less  satisfactory  forecasts.  When  large- 
scale  section  .surface  weather  maps  are  regularly 
drawn,  it  may  be  sufficient  and  more  convenient 
to  make  all  precipitation  area  analyses  and 
isochrones  on  these  maps. 


Precipitation  Movement  Using  a 
Distance  Versus  Time  Diagram 

The  idea  of  plotting  observations  taken  at 
different  times  on  a  diagram  which  has  horizon- 
tal or  vertical  distance  in  the  atmosphere  as  one 
coordinate  and  time  as  the  other  is  very  old  and 
has  been  used  in  various  forms  for  diverse 
purposes  by  meteorologists  for  years.  The  time 
cro.ss  sections  (as  explained  in  chapter  1 2  of  this 
training  manual)  are  a  special  case  of  this  device, 
where  successive  information  at  only  one  station 
is  plotted. 

On  lliis  diagram  the  horizontal  coordinate  is 
an  axis  line  passing  from  the  terminal  in  ques- 
tion through  a  series  of  stations  in  the  direction 
from  which  the  weather  usually  approaches,  or 
from  which  it  is  expected  during  the  particular 
situation.  This  line  forms  the  dista^/^e,  orx-axis, 
of  the  diagram.  The  positions  of  the  stations  are 
marked  off  on  it  at  their  appropriate  scale 
distances.  The  time  scale  (increasing  upward)  is 
erected  at  right  angles  to  the  origin  of  the  x-axis. 
Both  coordinate  axes  have  linear  scales.  Observa- 
tions for  any  time  and  points  reasonably  near 
the  X-axis  may  be  plotted  on  this  diagram,  using 
the  standard  plotting  models  for  airways  or 
synoptic  reports.  The  resulting  picture  has  some- 
what the  character  of  a  plotted  synoptic  chart 
and  can  be  analyzed  accordingly. 

When  complete  synoptic  models  are  plotted 
on  the  x-t  diagram,  various  factors  affecting 
local  movement  and  development  of  systems  can 
be  evaluated  subjectively  in  making  the  extra- 
polation. For  example,  the  interrelations  of 
fronts,  visibilities,  winds,  clouds,  temperatures, 
pressures,  and  precipitation  can  be  readily  con- 
sidered. Moreover,  locally  important  details  of 
the  situation  missed  on  the  large-scale  regular 
.synoptic  weather  maps  can  often  be  spotted  and 
followed  on  this  diagram. 

LOWERING  OF  CEILING  IN 
CONTINUOUS  RAIN  AREAS 

Frontal  Situations 

The  lowering  of  ceilings  with  continuous  rain 
or  snow  in  warm  frontal  and  upper  trough 
situations  is  a  familiar  problem  to  the  forecaster 
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Figure  10-12.-lsochrones  of  beginning  of  precipitation,  an  early  winter  situation. 
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in  many  regions.  In  very  short  range  forecasting, 
the  question  as  to  whether  or  not  it  will  rain  and 
when  the  rain  will  begin  is  not  so  often  the 
critical  one.  Rather,  the  problem  is  more  likely 
to  be  (assuming  the  rain  has  started)  how  much 
will  the  ceiling  lower  in  1.2,  and  3  hours,  or  will 
the  ceiling  go  below  a  certain  minimum  in  3 
hours.  The  visibility  in  these  situations  generally 
does  not  reach  an  operational  minimum  as  soon 
as  the  ceiling,  and  fog  usually  becomes  no  worse 
than  light.  It  has  been  shown  that,  without 
sufficient  convergence,  advection  or  turbulence, 
evaporation  of  rain  into  calm  lower  air  does  not 
lead  to  saturation  and  causes  no  more  than  haze 
or  light  fog. 

At  some  locations  with  advection,  upslope 
trajectories  may  bring  in  more  moist  air,  where 
the  stratus  or  dense  fog  that  forms  is  more  or 
less  independent  of  the  rain-evaporat'.on  effect. 


Once  stratus  has  foimed,  however,  extrapolation 
of  Its  displacement  may  be  quite  successful. 

It  is  important  to  recognize  the  difference 
between  the  behavior  of  the  actual  cloud  base 
height  and  the  variation  of  the  ceiling  height  as 
it  is  defined  in  airway  reports.  The  ceiling 
usually  drops  rapidly,  especially  during  the  first 
few  hours  after  the  rain  begins.  However,  if  the 
rain  is  continuous,  the  true  base  of  the  cloud 
layer  descends  gradually  or  steadily.  The  reason 
for  this  is  that  below  the  precipitating  frontal 
cloud  layer  there  are  usually  shallow  layers  in 
which  the  relative  humidity  is  relatively  high  and 
which  soon  become  saturated  by  the  rain.  The 
cloud  base  itself  has  small  random  fluctuations 
in  height  superimposed  on  the  general  trend. 

The  time  of  lowering  of  the  ceiling  during 
precipitation  remains  a  local  problem.  Many 
excellent  sources  and  references  are  available  for 
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further  stiuly.  The  N»iv>  pubhc»itu)iK  Synoptic 
Methods  lor  Developing  Toiocast  Techniques. 
NWRI'  38-0563-073,  lists  some  of  the  references 
and  gives  tietails  for  developing  a  local  objccti\e 
technique. 

Time  of  Lowering  of  Ceiling 

Forecasting  the  time  when  the  ceiling  of  a 
given  height  will  be  reached  during  rain  is  a 
separate  problem.  Nomograms,  tables,  air  trajec- 
tories, time  air  will  become  saturated,  and  a 
correlation  of  these  data  t»in  be  resolved  into  an 
objective  technique  tempered  with  empirical 
knowledge  and  subjective  considerations  and  can 
be  developed  for  your  indiviilual  station.  J.  J. 
George  and  Associates  in  their  studies  on  Geo- 
physical Research  Directorate  (GRD)  Contracts 
have  developed  several  studies  along  these  lines. 

Extrapolation  of  Ceiling  Trend  by 
Means  of  the  x-t  Diagram 

The  x-t  diagram,  as  explaincti  previously  in 
this  chapter,  can  be  used  to  extrapolate  the 
trend  of  the  ceiling  height  in  rain.  The  hourly 
observations  shouki  be  plotted  for  stations  near 
a  line  parallel  to  the  probable  movement  of  the 
general  rain  area,  originating  at  your  terminal 
and  directed  towaul  the  onconnng  rain  area. 
Ceiling-tiine  curves  for  given  ceiling  heights  may 
be  drawn  anti  extrapolated.  There  may  be 
systematic  geographical  differences  in  ceiling 
between  stations  due  to  local  (topographic) 
influences  which  cause  irregularities  in  the 
curves.  Such  ilifferences  sometimes  can  be  anti- 
cipated from  cliniatological  studies,  experience, 
or  general  intluence.  In  addition,  there  may  be  a 
diurnal  (thermal)  ceiling  tluctuation  which  will 
become  evident  in  the  cur\'e  in  slow  moving 
situations.  Rapid  and  erratic  up-and-<lowii  lluc- 
tuations  also  must  be  dealt  with  where  the 
ceiling  is  uneven  due  to  scud  or  "holes"  of  small 
diameter.  In  this  ease,  a  smoothing  of  the  curves 
may  be  necessary  before  extrapolation  can  be 
made.  A  slightly  less  accurate  forecast  may 
result  from  this  process. 

In  view  of  the  previous  discussion  of  the 
precipitation  ceiling  problem  it  is  not  expected 
that  mere  extrapolation  can  be  wholly  satisfac- 
tory at  a  station  when  the  ceiling  lowers  rapidly 
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during  the  first  hours  of  rain,  as  new  cloud 
layers  form  beneath  the  front.  However,  hy 
following  the  ceiling  trend  at  surrounding  sta* 
tions  as  well,  a  pattern  of  abrupt  ceiling  changes 
may  be  noted.  These  changes  at  nearby  stations 
where  rain  started  earlier  may  give  a  clue  to  a 
likely  sec|uence  at  your  terminal. 

THE  TREND  CHART  AS  AN 
EXTRAPOLATION  AID 

The  trend  chart  can  be  a  valuable  forecasting 
tool  when  it  is  used  as  a  chronological  portrayal 
of  .1  group  of  related  factors.  It  has  the  added 
advantage  of  helping  the  forecaster  to  become 
"current"  when  coming  on  duty.  At  a  glance, 
the  relieving  duty  forecaster  is  able  to  get  the 
picture  of  what  has  been  occurring  at  his 
terminal.  Also,  he  is  able  to  see  the  progressive 
effect  of  the  synoptic  situation  on  the  weather 
at  his  terminal  when  the  trend  chart  is  u,sed  with 
the  current  map. 

Trend  Chart  Format 

The  format  of  a  trend  chart  should  be  a 
function  of  what  is  desired  from  it:  conse- 
quently, it  may  vary  in  form  from  station  to 
station.  It  should,  however,  contain  those  ele- 
ments which  are  predictive  in  nature  as  well  as 
the  quantitative  values  of  parameters  to  be 
forecast-such  as  ceiling  and  visibility.  With  this 
in  mind,  a  suggested  format  is  outlined  below. 

The  trend  chart  is  merely  a  method  for 
portraying  graphically  what  forecasters  generally 
attempt  to  store  in  their  memory.  Included  in 
the  usual  technique  storehouse  of  most  forecast- 
ers is  a  list  of  key  predictor  stations. 
forecaster  utilizes  the  hourly  and  special  reports 
from  these  stations  as  aids  in  making  short 
forecasts  for  his  own  terminal.  Usually,  the 
sequences  from  these  predictor  stations  are 
.scanned  and  committed  to  memory.  Stepwise, 
the  method  would  be  as  follows: 

1.  Determine  the  direction  source  of  the 
weather  -usually  upstream. 

2.  Select  a  predictor  sta'tion(s)  upstream  and 
watch  for  the  onset  of  the  critical  factor,  for 
example,  rain. 

319 


AEROGRAPHI-irS  MATB  1  &  C 


3.  Note  the  et'tect  of  iliis  factor  on  ceiling 
and  visibility  at  predictor  station(s). 

4.  Extrapolate  the  approach  of  the  factor  to 
determine  its  onset  at  your  terminaK 

5.  Consider  the  effect  of  the  factor  at  predic- 
tor station(s)  in  tbrecasiing  its  effect  at  your 
terminal. 

The  chief  weakness  of  this  procedure  is  its 
subjectivity.  The  forecaster  is  required  to  men- 
tally evaluate  all  of  the  information  available  on 
the  hourly  sequences,  both  for  his  own  and  his 
predictor  station{s).  The  trend  chart  is  a  means 
to  graphically  portray  the  sequences  and  make 
extrapolations  more  objective. 

The  question  naturally  arises.  How  many 
trend  charts  do  I  need?  The  answer  depends  on 
the  synoptic  situation.  There  are  times  wlien 
keeping  a  graphic  record  at  all  is  unnecessary: 
whereas,  at  other  times  the  trend  for  the  local 
terminal  may  suffice.  There  should  be  some 
blank  charts  available  which  may  be  used  to 
start  recording  at  any  lime  as  the  need  arises. 
The  trend  chart  format  (fig.  10-13)  is  but  cne 
suggested  way  of  portraying  the  weather  record. 
Experimentation  and  improvisation  are  en- 
couraged to  find  the  best  form  for  any  particular 
location  or  problem. 


TIME-LINER  AS  AN 
EXTRAPOLATION  AID 

In  the  preceding  sections  of  this  chapter, 
several  methods  have  been  described  for  ''keep- 
ing track  of  the  weather"  on  a  short  term  basis. 
Explanations  of  time-distance  charts,  isochrone 
devices,  trend  charts,  etc.,  have  been  presented. 
It  is  usually  not  necessary  to  utilize  all  or  jven 
most  of  these  ideas  simultaneously.  The  device 
described  in  this  section  is  designed  for  use  in 
combination  with  one  or  several  of  the  methods 
previously  described.  Time-liners  are  especially 
useful  for  isochrone  analysis  and  extrapolation 
therefrom. 

Inasmuch  as  a  large  majority  of  incorrect 
short  range  terminal  forecasts  result  from  poor 
timing  of  weather  already  occurring  upstream,  a 
device  such  as  described  below  may  improve  this 
timing. 


2250  0030 
-  1  —  I  ■ 


,  1  . 

PRCCIP 

OBST 
TO 

vser 

 1  

20.000 

f  ' 

13.000 

K}.000 

\ 

\ 

1  i 
j  ] 

7.500 

\ 

\ 

5.000 
4.000 
3.000 

\  1 

2.000 
1.000 
300 

> 

a 

AG.587 

Figure  10-13.-Trend  chart  suggested  format. 


Construction  of  the  Time-Liner 

The  time-liner  is  simply  a  local  area  map 
which  is  covered  with  transparent  plastic  and 
constructed  as  follows: 

1.  Using  a  large-scale  map  of  the  local  area, 
construct  a  series  of  concentric  circles  centered 
on  your  station  and  equally  spaced  from  10  to 
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20  miles  apart.  This  disttincc  iVoiii  the  center  to 
the  outer  circle  depeiuls  on  your  location,  but  in 
most  cases  100  to  150  miles  is  sufficient. 

2,  Make  small  numbered  or  lettered  station 
circles  for  stations  located  at  varying  distances 
and  directions  from  your  terminaK  Stations  with 
a  high  predictor  value,  relative  to  your  terminaK 
should  be  selected.  This  may  be  determined  by 
experience,  local  forecast  studies,  and  climatol- 
ogy. Usually,  however,  the  reporting  network  is 
not  so  dense,  and  most  nearby  stations  can  be 
spotted.  In  addition  to  the  station  circle  indica- 
tors, significant  topographical  features  such  as 
rivers,  mountains,  etc.,  may  be  indicated  on  the 
base  diagram.  (Aeronautical  charts  include  these 
features.) 

3.  Cover  and  bind  the  map  with  tran.sparent 
plastic. 

Plotting  and  Analysis 
of  the  Time-Liner 

By  inspection  of  the  latest  surface  weather 
map,  .sequences,  and  other  information,  you  can 
determine  a  section  of  the  diagram  and  the 
parameters  to  be  plotted.  This  will  usually 
comprise  about  one-third  of  the  circle  in  a 
direction  from  which  the  weather  is  approach- 
ing. Then,  plot  the  hourly  weather  SPECIALS 
for  those  stations  of  interest.  Make  sure  to  plot 
the  time  of  each  special  observation. 

Overlay  the  circular  diagram  with  another 
piece  of  transparent  plastic  and  construct  iso- 
chrones  of  the  parameter  being  forecast:  for 
example,  the  time  of  arrival  of  the  leading  or 
trailing  edge  of  a  cloud  or  precipitation  shield. 
The  spacing  between  isochrones  can  then  be 
extrapolated  to  construct  "forecast  isochrones*' 
for  predicting  the  time  of  arrival  of  occurrence 
of  the  parameter  at  your  terminal.  Refer  to 
figure  10-14  for  an  example. 

The  time-liner  is  admittedly  a  "quick  fix" 
tool;  however,  the  fa'  !  that  it  can  be  plotted  and 
analyzed  quickly  is  strong  point  in  its  favor.  If 
convenient,  the  umce  scale  can  be  con- 
structed to  coincide  with  the  scale  of  the  local 
sectional  map  used  and  the  isochrones  overlaid 
on  the  latest  analyzed  map.  This  makes  a 
particularly  effective  briefing  aid,  since  the  pilot 
being  briefed  can  see  what  is  being  told  by  the 
forecaster  regarding  the  local  area.  The  prime 


use  of  this  device  is.  of  course,  for  timing  or 
extrapolation  purposes.  If  cannot  be  emphasized 
too  strongly  that  accurate  timing  is  a  most 
nnportant  factor  in  short  range  terminal  fore- 
casting. 

USE  OF  RADAR  IN  CLOUD  AND 
PRECIPITATION  FORECASTING 

Radar  is  highly  useful  in  determining  the 
various  clouds  that  are  approaching  the  station 
and  for  estimating  the  probability  of  precipita- 
tion reaching  the  local  area.  Refer  to  chapter  16 
of  this  traming  manual  for  information 
on  forecasting  weather  conditions  utilizing 
weather-radar. 

CLOUD  ANALYSIS  AND 
FORECASTING 

Aerographer's  Mates  are  frequently  called 
upon  to  make  forecasts  of  clouds  for  fiight  and 
other  weather  briefings  over  areas  where  synop- 
tic observations  are  not  readily  available  or  over 
other  areas  where  clouds  above  the  lowest  layer 
are  frequently  obscured  by  the  lower  cloud 
deck.  Tliis  section  is  designed  to  acquaint  the 
AG  with  the  principles  of  detection  and  analysis 
of  clouds  from  radiosonde  data.  A  complete 
coverage  of  this  problem  is  beyond  the  scope  of 
this  training  manual.  Further  information  on 
this  subject  may  be  found  in  the  following  Air 
Weather  Service  publications:  Forecasting  for 
Aerial  Refueling  Operations  at  Mid-Tropospheric 
Altitudes.  AWSM  105-52;  and  Use  of  the  Skew 
T,  Log  P  Diagram  in  Analysis  and  Forecasting, 
AWSM  105-124. 

IMPORTANCE  OF  RAOBS 
IN  CLOUD  ANALYSIS 

The  cloud  ob.servations  regularly  available  to 
forecasters  in  surface  synoptic  reports  leave 
much  to  be  desired  as  a  basis  for  cloud  forecast- 
ing. 

Radiosondes  which  penetrate  cloud  systems 
reflect  to  some  extent  (primarily  in  the  humid- 
ity trace)  the  vertical  distribution  of  clouds.  If 
the  humidity  element  were  perfect,  there  would 
usually  be  no  difficulties  in  locating  cloud  layers 
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Figure  10-14.— Large-scale  sample  time-liner  (isochrones  show  advance  of  precipitation  field). 


penetraled  by  llic  inslriinit!nl.  Becnuse  of  llic 
sliortconiings  in  llie  inslriimenl,  however,  the 
relationship  between  indicated  humidity  and 
cloud  is  far  from  definite,  and  an  empirical 
interpretation  is  necessary.  Nevertheless,  radio- 
sonde reports  give  valuable  evidence  which, 
when  sifted  with  other  available  information, 
aids  greatly  in  determining  a  coherent  picture  at 
least  of  stratiform  and  frontal  cloud  distribu- 
tions. Their  value  in  judging  air  mass  cumulus 
and  cumulonimbus  distribution  is  negligible. 


INFERRING  CLOUDS  FROM  RAOBS 

Theoretically  we  should  be  able  to  mfer  from 
radiosonde  observations  of  humidity  the  layers 
where  the  sonde  penetrated  cloud  layers.  In 
practice,  the  determination  that  can  be  made 
from  temperature  and  ilewpoint  curves  are  often 
less  exact  and  less  reliauie  than  desired.  Never- 
theless, raobs  give  dues  about  cloud  distribution 
and  potential  areas  of  cloud  formation.  These 
clues  generally  cannot  be  obtained  from  any 
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other  souree.  A  knowledge  of  the  eharacteristics 
or  the  humidity  element  will  aid  the  forecaster 
when  using  data  from  the  sounding. 

CHARACTERISTICS  OF  THE 
RADIOSONDE  HUMIDITY  ELEMENT 

The  carbon-iniprcgnated  plastic  humidity  ele- 
ment is  presently  used  in  U.S.  radiosondes. 

The  characteristics  of  this  element  are  as 
follow: 

1 .  The  time  lag  is  not  sensitive  to  tempera- 
ture changes,  and  the  polarization  effect  is 
negligible. 

2.  There  is  no  washout  problem,  although 
there  are  some  adverse  effects  due  to  precipita- 
tion actually  wetting  the  element. 

3.  It  will  provide  good  humidity  data  down 
to-40^C. 

4.  The  sensitivity  is  only  fair  at  humidities 
less  than  about  15  percent,  and  there  is  some 
uncertainty  in  the  readings  near  saturation. 

DEWPOINT  AND  FROST 
POINT  IN  CLOUDS 

The  data  trace  recorded  from  the  humidity 
strip  is  calibrated  in  terms  of  relative  humidity 
with  respect  to  water  at  negative  as  well  as 
positive  temperatures.  The  temperature  minus 
the  dewpoint  depression  value,  the  humidity 
parameter  that  is  transmitted  over  the  teletype, 
gives  the  dewpoint  wliich  is  defined  as  the 
temperature  to  which  the  air  must  be  cooled 
adiabatically  at  constant  vapor  pressure  if  satura- 
tion with  respect  to  a  water  surface  is  to  be 
reached.  The  FROST  POINT  (that  is.  thft  tem- 
perature to  which  the  air  has  to  be  cooled  or 
heated  adiabatically  in  order  to  reach  saturation 
with  respect  to  ice)  is  higher  than  the  dewpoint 
except  at  0°r.  where  the  two  coincide.  In  the 
graph  shown  in  figure  10-15  the  difference 
between  dewpoint  and  frost  point  is  plotted  as  a 
function  of  the  dewpoint  itself. 

In  a  cloud  in  which  the  temperature  is  above 
freezing,  the  true  dewpoint  will  coincide  closely 
with  the  true  temperature,  indicating  that  the  air 
between  the  cloud  droplets  is  practically  satu- 
rated with  respect  to  tlie  water  surface  of  the 
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Figure  "iO'lB.-Difference  between  frost  point  and 
dewpoint  as  a  function  of  the  dewpoint. 


droplets.  Minor  discrepancies  may  occur  when 
the  cloud  is  not  in  a  state  of  equilibrium  (when 
the  cloud  is  dissolving  or  forming  rapidly,  or 
when  precipitation  is  falling  through  the  cloud 
with  raindrops  of  sliglitly  different  temperature 
than  the  air):  but  these  discrepancies  are  theoret- 
ically small.  In  the  sub  freezing  part  of  a  cloud, 
the  true  temperature  is  between  the  true  dew- 
point  and  the  true  frost  point,  depending  on  the 
ratio  between  the  quantities  of  frozen  and  liquid 
cloud  particles.  If  the  cloud  consists  entirely  of 
supercooled  water  droplets,  the  true  tempera- 
ture and  the  true  dewpoint  will,  more  or  less, 
coincide.  If  the  cloud  consists  entirely  of  ice,  the 
temperature  should  coincide  with  the  frost 
point.  We  cannot,  therefore,  look  for  the  coinci- 
dence of  dewpoint  and  temperatures  as  a  cri- 
terion for  clouds  at  subfreezing  temperatures 
even  if  the  humidity  element  has  no  systematic 
errors  as  previously  discussed.  At  temperatures 
below  -  I2''C,  the  temperature  is  more  likely  to 
coincide  with  the  frost  point  than  the  uewpoint. 
The  graph  shown  in  figure  10-15  indicates 
that  the  difference  between  the  dewpoint  and 
frost  point  increases  roughly  I'^C  for  every  lO^C 
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that  the  clewpoint  is  hclou  iVoLvjng.  Tor  ex- 
ample, when  the  tiewpoint  is  10  (\  the  frost 
point  equals  -^^^V:  when  the  Jewpoint  is  ^0'(\ 
the  tVoj;t  point  is  -  l(S^C:aiui  when  the  Jewpoint 
is  -30^,  the  frost  point  is  :7\  .  Thus,  for  j 
cirrus  cloud  that  is  in  equilihtiuni  (satuialeJ 
with  respect  to  ice)  at  a  (frost  point)  tempeia- 
ture  of -40'^C\  the  correct  ilewpoint  wouki  be 
-44^C  (to  the  nearest  whole  degree) 

We  can  state  then,  in  general,  that  air  in  a 
cloud  at  leniperatuies  heTow  about  I  ^''(^  is 
saturated  with  respect  to  ice,  and  that  as  the 
temperature  of  the  cloud  decreases  (with 
height),  the  true  frost  point,  dcwpoiiu  differ- 
ence increases.  The  effects  of  these  physical 
characteristics  serve  to  reinforce  the  effects  of 
the  systematiL  faults  of  the  humidity  element 
itself,  and  they  all  conspire  to  make  a  radio- 
sonde ascending  through  such  a  cloud  indicate 
increasing  dewpoint  depressions.  Any  attempt  to 
determine  the  height  of  cloud  layers  from 
humidity  data  of  a  raob  is,  therefore,  subject  to 
errors  from  these  defect.*.  It  is  possible  to 
overcome  some  of  these  errors  by  a  subjective 
interpretation  of  the  raobs,  as  discussed  in  the 
following  sections. 

INTERPRETATION  OF  RAOBS  WITH 
RESPECT  TO  CLOUD  LAYERS 

The  following  diagrams  (figs.  10-16,  10-17, 
and.  10-18)  made  over  the  United  States  illus- 
trate the  behavior  of  the  radiosonde  during 
cloud  penetration.  These  are  but  three  of  a  series 
of  eleven  diagrams  actually  correlated  with 
aircraft  observations  (from-  Project  Cloud-Trail 
Flights)  or  the  heights  of  cioud  bases  and  tops 
from  aircraft  flying  in  the  vicinity  of  the 
ascending  radiosondes.  The  difference  in  time 
and  space  between  the  aircraft  and  .sounding 
observations  was  usually  less  than  2  hours  and 
30  miles.  Some  of  th.e  aircraft  reported  only  the 
cloud  observed  above  15,000  feet:  others  re- 
ported all  clouds.  In  Hgures  10-16  through 
10-18,  the  aircraft  cloud  observations  are  en- 
tered in  the  lower  left  corner  of  each  diagram 
under  the  heading  cloud;  the  surface  weather 
report  is  entered  under  the  aircraft  cloud  report. 
Where  the  low  cloud  was  not  reported  by  the 
aircraft,  the  height  of  the  cloud  base  may  be 
obtained  from   the  surface  reports.  Aircraft 


height  reports  are  in  pressure-altitude.  The  tem- 
perature, frost  point,  and  dewpoint  curves  are 
indicated  by  T,  T,-,  and  T^ ,  respectively. 

In  figure  10-16,  a  marked  warm  front  is 
approaching  from  the  south.  Moderate  continu- 
ous rain  fell  1  hours  later.  At  18302  an  aircraft 
reported  solid  clouds  from  1 ,000  to  44,000  feet 
(tropopause).  The  I500Z  sounding  shows  an 
increasing  dewpoint  depression  with  height  and 
no  discontinuity  at  the  reported  cloud  top  of 
15,000  feet.  A  definite  dry  layer  is  indicated 
between  18,300  and  20,000  feet.  The  second 
reported  cloud  layer  is  indicated  by  a  decrease  m 
dewpoint  depression,  but  the  humidity  element 
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Figure  10-16.-Example  of  inferring  clouds  from  a  raob 
with  an  active  warm  front  approaching  from  the 
south. 
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IS  obviously  slow  in  icsponding.  I  lio  dewpouit 
dcprct>sion  al  Iho  base  ol  llic  cloud  al  21.000 
led  LS  14 iiVisi  al  400  mb.  al  ler  aboiil  a 
3-muuilc  climb  ihrough  llio  cloud,  il  is  slill 
lO^C.  l-roin  llio  soundnig.  clouds  should  have 
been  inlerred  lo  be  Ironi  aboul  4.500  leel  (base 
of  the  rapid  huniidily  nicrease)  lo  500  nib  and  a 
second  layer  trom  20.000  leel  u|).  In  view  of  Ihe 
rapid  filling  ol^  Ihc  cloud  free  gap  belween 
15.000  and  21.000  feel  which  followed  as  Ihc 
warm  fronl  approached,  ihe  agiecmenl  belween 
reported  and  inferred  Londilions  is  good. 

iMgure  10-17  shows  a  middle  cloud  layer  with 
no  precipitation  reaching  Ihe  surface.  This  is  a 


ui.-.e  of  a  cloud  in  Ihe  500-mb  surface  wilh  no 
prcLipilalion  reaehing  Ihe  surface;  Ihe  nearest 
rain  was  in  "lennessee.  The  evidence  from  Ihe 
sounding  for  placing  Ihe  cloud  base  at  12,200 
feel  IS  slrong.  yel  Ihe  base  is  inexplicably 
reporled  al  15.700  leel.  The  reporled  cloud  base 
of  15.700  feel  was  probably  nol  re  pre  sen  la  live, 
sinee  alloslralus.  wilh  bases  11.000  lo  14.000 
feel,  was  reporled  for  mosl  Slalions  over  Ohio 
and  West  Virginia. 

I  igure  10-18  shows  layer  clouds  with  their 
mleimediale  cleai   la>ers  nol  showing  in  the 
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Figure  10-17.-Example  of  inferring  clouds  from  a  raob 
with  3  middle  layer  and  no  precipitation  reaching  the 
surface. 


AG.592 

Figure  lO-IS.-Example  of  inferring  clouds  from  a  raob, 
showing  layer  clouds  with  their  intermediate  clear 
layers  not  showing  in  tiie  humidity  trace. 
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humidity  trace.  There  is  good  agreement  be- 
tween  the  sounding  and  the  aircraft  report.  The 
clear  layer  between  6,000  and  6,500  feet  is  not 
indicated  on  the  sounding.  Thin  dear  layers  as 
well  as  thin  cloud  layers  usually  cannot  be 
recognized  on  the  humidity  trace. 

Comparisons  of  the  type  made  in  the  fore- 
going between  soundings  and  cloud  reports 
provide  us  with  the  following  rules: 


1.  A  cloud  base  is  almost  always  found  in  a 
layer  (indicated  by  the  sounding)  where  the 
dewpoint  depression  decreases. 

2.  The  dewpoint  depression  usually  decreases 
to  between  O^C  and  6^C  when  a  cloud  is 
associated  with  the  decrease.  In  other  words, 
you  should  not  always  associate  a  cloud  with  a 
layer  of  dewpoint  decrease,  but  only  when  the 
decrease  leads  to  minimum  dewpoint  depres- 
sions from^6"C  to  O^C:  at  coid  temperatures 
(below  -25  C),  however,  dewpoint  depressions 
in  clouds  are  often  higlier  than  G^^C, 

3.  The  dewpoint  depression  in  a  cloud  is  on 
the  average,  smaller  for  higher  temperatures 
Typical  dewpoint  depressions  are  l^C  to  ^""C  at 
temperatures  of  O^C  and  above,  and  4^C  be- 
tween -  lO^'C  and -20''C. 

4.  The  base  of  a  cloud  should  be  located  at 
the  base  of  the  layer  of  decreasing  dewpoint 
depression,  if  the  decrease  is  sharp. 

5.  If  a  layer  of  decrease  of  dewpoint  depres- 
sion is  followed  by  a  layer  of  stronger  decrease, 
the  cloud  base  should  be  identified  with  the  base 
of  the  strongest  decrease. 

6.  The  top  of  a  cloud  layer  is  usually  indi- 
cated by  an  increase  in  dewpoint  depression. 
Once  a  cloud  base  is  determined,  the  cloud  is 
extended  up  to  a  level  where  a  significant 
increase  in  dewpoint  depression  starts.  The 
gradual  increase  of  dewpoint  depression  with 
height  that  occurs  on  the  average  in  a  cloud  is 
not  significant. 

In  addition  to  the  above  analysis  of  Project 
Cloud-Trail  data,  another  study  was  made  by  the 
U.S.  Air  Force  to  see  how  reliable  the  dewpoint 
depression  is  as  an  indicator  of  clouds.  The 
results  of  this  study  are  summarized  in  the  two 
graphs  shown  in  figure  10-19.  Each  graph  shows 
the  percent  probability  of  the  existence  of  a 
cloud  layer  in  January  for  different  values  of 
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Figure  lO-ID.-Percent  probability  of  existence  of  cloud 
layer  bases  for  different  values  of  dewpoint  depres- 
sion  (degrees  C).  Solid  lines  represent  probability  of 
clear  or  scattered  conditions;  dashed  lines,  the  proba- 
bility  of  broken  or  overcast  conditions  with  the  cloud 
layer  bases  between  1,000  mb  and  600  mb. 


dewpoint  depression.  On  each  graph  one  curve 
shows  the  probability  of  clear  or  scattered 
conditions  as  a  function  of  the  dewpoint  depres- 
sion; the  other  curve  shows  that  of  broken  or 
overcast  conditions.  Separate  graphs  are  in- 
cluded for  the  1,000-  to  850-nib  and  850-  to 
600-mb  layers.  The  graphs  are  based  on  1,027 
observations,  which  are  enough  to  indicate  the 
order  of  magnitude  of  the  dewpoint  depressions 
at  the  base  of  winter  cloud  layers.  Minor 
irregularities  in  the  curves  were  not  smoothed 
out  because  it  is  not  certain  that  they  are  all  due 
to  insufficient  data.  The  graphs  are  applicable 
without  reference  to  the  j;ynoptic  situation.  For 
a  given  winter  sounding,  one  can  estimate  from 
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the  graph  the  probabihly  oT  tlilTereiit  sky  cover 

conditions  with  cloud  ba.se.s  between  1 ,000  nib 

and   600   nib  lor  layers  of  iiiven  niininiuni 
dewpoint  depressions. 

HUMIDITY  FIELD  IN  THE  VICINITY 
OF  FRONTAL  SYSTEMS 

Studies  of  the  humidity  field  in  the  vicinity  of 
rrontnl  /.ones  indicate  there  is  a  tongue  of  dry  air 
extending  downward  in  the  vicinity  of  the  front 
and  tilted  in  the  same  direction  as  the  front.  One 
study  found  that  such  a  dry  tongue  war  more  or 
less  well  developed  for  all  frontal  zones  investi- 
gated. This  dry  tongue  was  best  developed  near 
warm  fionls:  it  extended,  on  the  average,  down 
to  700  nib  in  cold  fronlb  and  to  800  nib  in  warm 
fronts.  In  about  half  the  number  of  fronts,  the 
driest  air  as  found  within  the  frontal  zone  itself; 
on  occabions  it  was  found  on  both  the  cold  and 
warm  sides  of  the  zone.  About  half  the  llights 
through  this  area  in  connection  with  this  study 
showed  a  sharp  transition  from  moist  to  dry  air. 
and  the  change  in  frost  point  (to  be  explained 
later  in  this  chapter)  on  these  flights  averaged 
about  lO^C  in  .^5  miles.  Some  flights  gave 
changes  of  more  than  20''C*  in  20  miles. 

As  a  frontal  cloud  deck  is  approached,  the 
dewpoint  depression  (or  frost  point  depression) 
starts  diminish iiig  rapidly  in  the  clo.se  vicinity  of 
the  cloud.  Farther  away  then  10  to  15  miles 
from  the  cloud,  the  variation  was  much  less  and 
was  less  systematic.  This  fact  should  be  borne  in 
mind  when  attempting  to  locate  Ihe  edge  of  a 
cloud  deck  from  raob  humidity  data  (500  mb. 
for  instance).  Linear  extrapolntion  or  interpola* 
tion  of  dewpoint  depressions  cannot  be  ex- 
pected to  yield  good  results.  For  instance,  when 
one  .station  shows  a  dewpoint  depression  of 
lO^'C  and  the  neighboring  station  shows  satura- 
tion, the  frontal  cloud  may  be  anywhere  be- 
tween them,  except  within  about  !0  miles  of  the 
driest  station. 

Since  frontal  cloud  masses  at  niidtropospheric 
levels  are  usually  surrounded  by  relatively  dry 
air,  it  is  possible  to  locate  the  edge  of  the  cloud 
mass  from  humidity  data  on  constant  pressure 
charts,  at  least  to  within  the  distance  between 
neighboring  soundings,  even  if  the  humidity  data 
arc  not  very  accurate.  This  is  ,so  because  the 
typical  change  of  dewpoint  depression  in  going 


from  the  cloud  edge,  a  distance  of  10  to  15 
miles  or  more,  into  cloud  free  air  is  considerably 
greater  than  the  average  error  in  the  ^  ported 
dewpoint  depression. 

500-MB  ANALYSIS  OF 
DEWPOINT  DEPRESSION 

Figure  10-20  shows  an  analysis  of  the  500-nib 
dewpoint  depression  field,  superimposed  upon 
an  analysis  (based  on  surface  observations)  of 
areas  of  continuous  precipitation  and  of  areas  of 
overcast  middle  clouds.  The  500-mb  dewpoint 
depression  isopleths  were  drawn  independently 
of  the  surface  data.  The  analysis  shows  that: 

1.  The  regions  of  high  humidity  at  500  mb 
coincide  well  with  the  areas  of  middle  cloud  and 
the  areas  of  precipitation. 

2.  The  regions  of  high  humidity  at  500  mb 
are  separated  from  the  extensive  dry  regions  by 
strong  humidity  gradients.  These  gradients  are, 
m  all  probability,  much  stronger  than  shown  on 
thi,s  analysis,  since  thi,s  analysis  has  the  defect  of 
all  continuous  Held  analyses  which  are  based  on 
discrete  observations  spaced  widely  apart:  in 
other  words,  linear  interpolation  between  obser- 
vations smoothes  out  strong  contrasts. 

3.  A  dewpoint  depression  of  4''C  or  less  is 
characteristic  of  the  larger  part  of  the  areas  of 
continuous  precipitation  and  also  of  the  la.ger 
part  of  the  area  of  overcast  middle  clouds. 

Since  the  500-mb  dewpoint  depression  analy- 
sis agrees  well  with  the  surface  analy,sis  of 
middle  cloud  and  precipitation,  the  possibility 
exists  of  replacing  or  supplementing  one  of  these 
ana  lyses  with  the  other. 

The  characteristics  of  the  500-nib  dewpoint 
depression  analysis  (outlined  above)  make  it  a 
valuable  adjunct  to  the  surface  analysis.  These 
analyses  can  be  compared  and.  by  crosschecking, 
each  can  be  completed  with  greater  accuracy 
than  if  they  were  done  independently.  A  rough 
sketch  of  the  dewpoint  depression  field  may  be 
completed  on  the  facsimile  chart  in  a  matter  of 
minutes. 

THREE-DIMENSIONAL  HUMIDITY 
ANALYSIS-THE  MOIST  LAYER 

A  single  level  (for  exnmple  the  500-mb  level) 
dewpoint  depression  analysis  to  find  probable 
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cloud  areas  does  not  indicate  clouds  above  or 
below  that  level.  For  example,  if  the  top  of  a 
cloud  system  reached  only  to  16,000  feet,  and 
there  was  dry  air  above  at  500  nib,  you  would 
never  suspect,  from  the  500-nib  analysis,  the 
existence  of  clouds  a  short  distance  below  the 
500-nib  level. 

However,  an  analysis  of  the  extension  of  the 
moist  layers  m  three  dimensions  can  be  obtained 
simply  by  scrutinizing  each  individual  raob.  The 
raobs  selected  .should  be  those  for  the  general 
vicinity  of,  and  the  area  500  to  1,200  miles 
upstream  of.  the  area  of  interest,  depending  on 
the  forecast  period.  (Most  systems  during  a 
36-hour  period  will  move  less  than  1,200  miles.) 
Ihe  moist  layers  apart  from  the  surface  layers 
can  be  determined  by  methods  previously  dis- 
cussed in  this  chapter.  The  heights  of  the  bases 
and   tops  (labeled   in   thousands  of  feet  of 
layer  is  present,  this  fact  can  be  indicated, 
though  there  is  little  advantage  in  indicating  a 
dry  layer  2,000  to  3,000  feet  (or  less)  thick 
sandwiched  between  thicker  moist  layers.  Usu- 
ally, it  is  sufficient  to  indicate  the  entire  moist 
layer,  without  bothering  about  any  finer  struc- 
ture. A  survey  of  the  cloud  field  is  made  easier 
by  writing  the  heights  of  the  bases  and  tops  in 
different  colors. 

A  moist  layer  for  the  sake  of  simplicity  may 
be  defined  as  a  layer  having  a  frost  point 
depression  of  3''C  or  less  (i.e.,  a  dewpoint 
depres.sion  of  4"C  at  -  lO^C;  5^C  at  -20^C;  6^C 
at-30V). 

LIMITATIONS  TO  DIAGNOSIS  OF 
TOWERING  CUMULUS  AND  CUMU- 
LONIMBUS DISTRIBUTION  FROM  RAOBS 

The  cumulus  and  cumulonimbus  of  .summer 
and  tropical  air  mass  .situations  arc  generally 
scattered.  In  many,  if  not  most  ca.scs,  they  do 
not  actually  cover  half  of  the  sky.  Under  such 
conditions  the  probability  of  a  radiosonde, 
released  one  to  four  times  daily  at  a  fixed  time 
and  place,  passing  up  through  a  cloud  of  this 
type  appears  to  be  small.  When  a  balloon  docs 
enter  the  base  of  a  tall  cumulus  cloud,  it  is  likely 
to  pass  out  of  the  side  of  the  cloud  rather  than 
the  top.  or  it  may  get  caught  for  a  time  in  a 
dowiulraft,  giving  an  ambiguous  record  of  verti- 
cal cloud  distribution. 

erJc 


For  the  above  reasons,  o^perience  indicates 
that  little  dependence  can  be  placed  on  the  usual 
.sounding  to  indicate  directly  the  existence  of 
tall  cumulus  in  the  area.  On  the  other  hand, 
where  the  radiosonde  samples  of  the  environ- 
ment of  such  clouds,  a  stability  analysis,  com- 
bined with  considerations  of  surface  weather 
observations,  radar  and  aircraft  reports,  and 
synoptic  analysis  for  heating  and  convergence, 
usually  provides  an  estimate  to  the  extent  of 
cumulus  sky  coverage..  This  approach  uses  the 
.same  principles  as  in  thunderstorm  and  severe 
weather  forecasting.  (See  chapter  II  of  this 
training  manual.) 

In  those  cases  where  the  sounding  passes  up 
through  a  cumulus,  it  is  well  to  keep  in  mind 
that  the  temperature  in  parts  of  such  clouds  is 
often  colder  than  the  environment  just  outside 
the  clouds.  These  colder  regions  may  still  have 
buoyancy  relative  to  other  parts  of  the  cloud 
surrounding  them.  Also,  old  dissipating  cumu- 
lonimbus clouds  are  generally  colder  than  their 
environment. 

The  lapse  rate  in  cumulus  and  cumulonimbus 
is  not  necessarily  saturation  adiabatic  due  to  the 
effects  of  "holes,"  downdrafts,  melting  of  snow 
or  hail,  entrainment,  mixing,  etc. 

PRECIPITATION  AND  CLOUDS 

The  type  and  intensity  of  precipitation  ob- 
served at  the  surface  is  related  to  the  thickness 
of  the  cloud  aloft,  and  particularly  to  the 
temperatures  in  the  upper  part  of  the  cloud.  The 
processes  which  cause  cloud  particles  to  grow  and 
precipitate  out  of  clouds  have  received  much 
attention  in  the  last  decade.  Our  knowledge  of 
these  processes  is  far  from  complete,  but  much 
information  of  practical  use  to  the  forecaster  is 
available. 

The  results  of  one  study  relating  cloud-top 
temperatures  to  precipitation  type  and  intensity 
are  given  as  follows:  From  aircraft  ascents 
through  stratiform  cloud  and  correlated  surface 
observations  of  precipitation,  it  was  found  that 
in  87  percent  of  the  cases  when  drizzle  occurred, 
it  fell  from  clouds  whose  cloud-top  temperatures 
were  higher  than  -5''C;  the  frequency  of  rain  or 
snow  increased  markedly  when  the  cloud-top 
temperature  fell  below  -  I2''C.  When  continuous 
rain  or  snow  fell,  the  temperature  of  the  coldest 
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part  of  the  cloud  was  hclow  I  2"('  in  95  percent 
of  the  cases.  Intermittent  rain  was  mostly 
associated  with  cold  cloud-top  temperatures. 
When  intermittent  rain  was  reported  at  the 
groiuuL  the  cloud-top  temperature  was  below 
-  n^'Cin  81  percenter  the  cases  and  below  2iTC 
in  03  percent  of  the  cases,  b'rom  this,  it  appears 
that  when  rain  or  snow  continuous  or  inter- 
mittent -reaches  the  ground  from  stratiform 
clouds,  the  clouds  solid  or  layered  extend  in 
most  cases  to  heights  where  temperature  is  well 
below   l2''(\oreven  HfC. 

This  rule  cannot  be  reversed.  When  no  rain  or 
snow  is  obser\-ed  at  the  ground,  middle  clouds 
may  well  be  present  in  regions  where  the 
temperature  is  below  i2''('  or  2()'('.  Whether 
or  not  precipitation  reaches  the  ground  will 
depLMid  on  the  cloud  thickness,  height  of  the 
cloud  base,  and  (he  dryness  of  the  air  below  the 
base. 

INDICATIONS  OF  CIRRUS 
CLOUDS  IN  RAOBS 

True  cirrus  forms  at  temperatures  near  aO'^C 
or  colder  and  consists  of  ice  crystaLs.  At  the.se 
temperatures,  as  soon  as  the  air  is  brought  to 
saturation  with  respect  to  water,  the  condensate 
immediately  free/es.  file  crystals  then  often 
descend  slowly  to  levels  of -3(f  (\  and  persist 
tor  a  long  time  if  the  humidity  below  the 
formation  level  is  high  enough,  hi  general,  cirrus 
is  found  in  layers  which  have  saturation  or 
supersaturalion  with  respect  to  ice  (at  any 
temperature  colder  than  {fC:  if  the  relative 
humidity  with  respect  to  water  is  100  percent, 
then  the  relative  humidity  with  respect  to  ice  ks 
greater  than  100  percent). 

Present  radiosonde  humidity  elements  are  lar 
from  capable  of  measuring  humidity  values 
satisfactorily  at  the  temperatures  of  the  cirrus 
levels.  However,  the  elements  will  often  show  a 
change  in  humidity  at  low  temperature  that 
reflect  the  presence  of  moist  layers  which 
contain  cirrus. 

Several  studies  have  pointed  to  indirect  indi- 
cations of  cirrus  presence  whenever  the  dew- 
point  depression  at  500,  540,  and  400  mb  was 
relatively  low. 

A  study  published  by  the  U.S.  Air  Force  has 
shown  how  contrail  forecasting  curves  can  be 
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used  to  improve  the  accuracy  of  ground  ob-^erver 
estimates  of  the  height  of  observed  cirrus  layers. 
The  method  is  published  m  AWS  TR  105-1  10. 
Memorandum  on  Estimating  the  Height  of  Cirro- 
stratus  Cloud.s,  and  a  test  with  comments  on  the 
method  was  publi.shed  in  AWS  TR-I  I  OA,  Test  of 
Method  for  Estimating  the  Height  of  Cirrostra- 
tus  Clouds. 

CIRRUS  FORECASTING 

One  of  the  .senior  Aerograplier's  Mates  duties 
is  to  make  forecasts  oi  cirrus  oi  cirrostratus 
coverages  and  heights.   This  poses  difficulties 
owing  to  the  lack  of  proven  techniques  of 
universal  applicability  and  even  more  to  inade- 
quacies of  .synoptic  observations  and  of  upper 
air  sounding.s,  Foj  :i  complete  review  of  the 
available  knowicd^^e  of  high  clouds  and  several 
forecasting  methods,  it  is  suggested  you  thor- 
oughly ,suu!y  the  Air  Weather  Service  publica- 
tion. A  Compendium  on  Cirrus  and  Cirrus 
Forecasting,  AWS  TR  105-130.  This  publication 
contains  a  comprehensive  study  of  the  nature  of 
cirrus,  the  phy,sics  of  cirrus  formation,  cirrus  in 
relation  to  certain  phenomena,  cirrus  climatol- 
ogy, cirrus  types,  and  a  review  of  several 
methods  of  forecasting  cirrus  with  comments 
regarding  their  limitations  and/or  value.  Also, 
refer  to  chapter  4,  Aerographer's  Mate  3  &  2, 
NavTra  10363-D,  and  chapter  3  of  this  training 
manual   for  additional  background  of  cirrus 
types  and  the  phy.sics  of  formation. 

OBSERV.ATION  AND 
FORMATION  OF  CIRRUS 

Cirrus  for  *'cirriforni")  clouds  are  convention- 
ally divided  into  three  general  groups:  cirrus 
(proper),  cirrostratus,  and  cirrocumulus.  The 
latter  is  a  relatively  rare  cloud  and  may  be 
ignored  for  practical  purposes.  Cirrus  proper 
(detached  or  patchy  cirrus)  does  not  usually 
create  a  serious  operational  problem.  Cirrostra- 
tus and  extensive  cirrus  haze,  however,  are 
troublesome  in  l.-gh  level  jet  operations,  for 
aerial  photography,  interception,  rocket  track- 
ing, and  guided  missile  navigational  systems. 
Therefore,  a  dellnite  requirement  for  cirrus 
forecasting  exists.  No  universally  applicable  nor 
completely  successful  forecasting  method  has 
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been  found,  though  several  methods  h;ive  been 
advaneed  whieh  seem  to  have  some  promise  of 
success.  One  such  method  is  present^ed  in  ihis 
chapter. 

The  initial  formation  of  cirrus  normally  re- 
quires that  cooling  take  place  to  saturation  with 
respect   to  water  and  to  temperatures  near 
-40^C.  Under  these  conditions,  water  droplets 
are  first  formed  but  most  of  them  immediately 
freeze.  The  resulting  crystals  persist  as  long  as 
the  environmental  humidity  remains  near  ice 
saturation;,  a  deep  ice-saturated  layer  usually 
exists  just  below  the  cirrus  formation  level, 
which  permits  long  cirrus  streamers  to  descend 
(slowly)  to  lower  levels  and  to  persist  for  many 
hours  (or  even  perhaps  days)  before  evaporating. 
There  is  some  evidence  that  the  speed  of  the 
cooling  and  the  kind  and  abundance  of  freezing 
nuclei  may  have  an  important  effect  on  the  form 
and  occurrence  of  cirrus.  Slow  ascent  (cooling) 
starts  crystalization  on  specially  favorable  freez- 
ing nuclei  at  humidities  substantially  below 
saturation  with  respect  to  water;  this  is  presum- 
ably the  case  in  extensive  cirrostratus  associated 
with  warm  front  altostratus.  If  slow  ascent 
occurs  in  air  having  insufficient  freezing  nuclei,  a 
widespread  haze  may  result  which  even  at  -30"* 
to  -40''C  is  predominantly  of  water  drops.  In 
the  case  of  more  rapid  cooling  (ascent),  there  is 
a  tendency  for  the  first  condensation  to  contain 
a  higher  proportion  of  water  drops,  leading  to  a 
**mixed  cloud**  (ice  and   water)  which  will 
convert  to  ice  or  snow  in  time.  Presumably, 
dense  cirrus,  fine  cirrus,  cirrocumulus,  and  anvil 
cirrus  are  of  this  rapid  ascent  type;  it  has  been 
postulated,  for  example,  that  fine  cirrus  (proper) 
is  formed  in  shallow  layers  undergoing  rapid 
convection  due  to  advection  of  colder  air  at  top 
of  shear  layer. 

On  the  other  hand,  the  fine  cirrus  and  the 
cirrostratus  are  so  often  associated,  and  cirro- 
stratus  is  so  often  reported  by  pilots  as  develop- 
ing from  the  merging  of  fine  cirrus  streamers, 
that  there  is  question  whether  the  process  of 
formation  in  cirrus  and  cirrostratus  is  essentially 
different.  Nevertheless,  the  prevailing  crystal 
types  in  cirrus  and  cirrostratus  seem  to  differ, 
though  this  may  not  be  universal  or  may  merely 
represent  different  ages  in  a  characteristic  cirrus 
evolution. 


Horizontal  visibilities  within  extensive  cirro- 
stratus  over  middle  latitudes  are  generally  be- 
tween 500  feet  and  2  miles.  But  even  thin  cirrus 
haze,  invisible  from  the  ground,  often  reduces 
the  visibility  to  3  miles.  Burton's  empirical  rule 
for  forecasting  the  visibility  has  been  successful 
for  the  Arctic  cirrus  and  may  work  elsewhere. 

Captain  M.  W.  Burton  of  the  Air  Weather 
Service  devised  a  rule  of  thumb  for  forecasting 
or  estimating  the  visibility  of  one  aircraft  from 
another  in  thin  cirrus  or  other  hig*^  cloud 
(temperatures  below  -30^*0).  This  aule  is: 
Visibility  =  1/2  mile  times  dewpoini  depression 
in  degrees  C.  For  example:  Temperature  is 
-SS'^C,  dewpoint  is  -38'*C,  then  visibility  =  1/2 
X  3  =  1  1/2  miles.  This  rule  has  been  used 
successfully  in  the  Arctic  where  poor  visibilities 
in  apparently  cloud  free  air  are  often  en- 
countered. Its  applicability  elsewhere  remains  to 
be  tested. 

The  climatology  of  cirrus  occurrence  is  un- 
satisfactory because  the  usual  ground  observa- 
tions (in  humid  climates)  miss  more  than  50 
percent  of  the  true  frequency  or  amount,  and 
aircraft  observations  are  very  scarce. 

Radar  cloud  detection  sets  appear  to  promise 
much  more  complete  cirrus  observations  than 
possible  from  visual  observers. 

A  cirrus  forecasting  method,  whether  empiri- 
cal or  with  a  physical  hypothesis,  should  exploit 
what  is  aiready  known  about  cirrus  in  relation  to 
other  forecastable  parameters.  A  considerable 
number  of  such  parameters  have  been  tried  in 
the  course  of  past  studies,  in  addition  to  pure 
extrapolation  of  the  movement  of  cirrus  cloud 
(neph)  systems.  Except  for  the  use  of  the 
surface  pressure  pattern,  these  are  all  upper  air 
parameters.  Most  of  them  were  tried  or  chosen 
on  the  generally  accepted  hypothesis  that  cirrus, 
like  other  clouds,  forms  where  there  is  sufficient 
large  scale  vertical  motion  and  the  initial  humid- 
ity is  relatively  high. 

Most  of  the  various  parameters  chosen  in  the 
more  empirical  procedures  which  have  been  used 
or  proposed  for  cirrus  forecasting  can  be  given  a 
rational  if  srpretation  as  having  indirect  rela- 
tions to  humidity  or  vertical  motion.  For  ex- 
ample, the  models  of  frontal,  pressure,  contour, 
and  wind  patterns  associated  with  cirrus  are  in 
this  category.  Such  methods  are  very  subjective 
and  depend  on   considerable  experience  for 
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success,  But  other  hypotheses,  such  ^is  a  relation 
of  the  temperature,  or  the  lapse  rate,  or  the 
wind  shear,  to  cirrus  occurrence  or  height,  do 
not  seem  to  find  much  convincing  statistical 
support  nor  a  clearly  defensible  physical  basis. 
Statistical  techniques  for  local  cirrus  forecasting 
tried  thus  far  have  not  been  too  encouraging, 
but  with  better  data  and  more  experience  with 
other  techniques  further  trials  of  this  sort  should 
be  worthwhile. 

CIRRUS  FORECASTING  PROBLEM 

Only  a  limited  number  of  method.s  of  fore- 
casting cirrus  type  cloud.s  have  been  developed 
and  published.  Obviously,  thi.s  field  is  open  to 
further  investigation,  testing,  and  study.  Many 
forecasters  have  attempted  to  forecast  cirrus  or 
high  clouds  using  familiar  frontal  or  cyclone 
models.  None  of  these  methods  or  models  alone 
have  proven  operationally  adequate,  though 
several  of  the  special  methods  .show  some 
success  or  appear  promising  for  further  develop- 
ment. There  are  a  number  of  parameters,  both 
surface  and  aloft,  which  have  been  correlated 
with  cirrus  occurrence  or  formation.  A  few  of 
the  more  prominent  ones  are  mentioned  here. 

Surface  Pressure  Pattern 

When  weather  forecasting  was  based  solely  on 
surface  iosbnric  analysis,  many  meteorologists 
attempted  to  find  an  empirical  statistical  rela- 
tionship between  the  directions  and  speeds  of 
cirrus  in  advance  of  depressions  and  the  subse- 
quent weather.  With  the  advent  of  the  Nor- 
wegian School  of  synoptic  meteorology,  frontal 
and  cyclone  models  are  developed  which  em- 
bodied the  associated  idealized  cloud  distribu- 
tion. In  these  models  the  cirrus  thickening  and 
lowering  into  alloslratus  is  a  characteristic  se- 
quence in  an  advancing  warm  front.  The  cirrus 
of  fair  weather  outside  the  cyclone  cloud  shields 
is  neither  identified  nor  accounted  for  in  the 
Norwegian  models.  It  is  well  known  that  much 
cirrus  is  observed  which  has  no  obvious  relation 
tc  any  features  analyzed  on  surface  synoptic 
charts. 

Fronts  Aloft 

Above  500  mb  the  usual  concepts  of  air 
masses  and  fronts  have  little  application.  Most  of 


the  fine  cirrus  .seen  ahead  of  (and  above)  warm 
fronts  or  lows  initially  forms  detached  from  the 
frontal  middle  cloud  shield,  though  later  it  may 
trail  downward  to  join  the  altocumulus  and 
altostratus.  One  .study  reveals  that  with  precipi- 
tation occurring  in  advance  of  a  warm  front,  a 
60  percent  probability  exists  that  cirrus  is 
occurring  above  this  zone.  Cirrus  observed  with 
the  cold  front  cloud  shield  either  originates  from 
cumulonimbus  along  and  behind  the  front  or 
from  convergence  around  an  associated  upper 
trough.  In  many  cases  there  is  no  post  cold  front 
cirrus,  nrobably  due  to  marked  subsidence  aloft. 
Squall  lines  can  also  produce  much  anvil  cirrus 
which  spreads  out  in  advance  and  persists  after 
the  cumulonimbus  dissipates. 

Contour  or  Flow  Direction  Aloft 

Studies  in  the  past  relating  to  motions  of 
cirrus  and  the  ensuing  motions  of  surface  lows 
and  highs  lead  to  many  useful  rules  that  have 
been  familiar  to  forecasters  for  generations. 

Data  on  the  tlow  direction  aloft  are  scanty, 
and  direction  of  the  wind  alone  appears,  by 
itself,  to  be  a  poor  parameter.  Therefore,  direc- 
tion must  be  considered  along  with  other  para- 
meters at  upper  levels. 

However,  one  rule  which  should  be  of  value  as 
revealed  by  several  studies  showed  that  the 
percentage  of  high  cloud  is  greatest  when  the 
wind  at  30U  nib  is  from  the  southwest  to  west 
and  least  when  from  the  northeast  to  east.  The 
inverse  is  true  for  no  high  cloud  relation.  No 
relation  with  wind  speed  was  evident. 

Contour  Patterns  Aloft 

One  of  the  forecasting  rules  used  widely  in 
the  United  States  for  several  decades  or  more 
states  that  the  ridge  line  at  20,000  feet  (about 
500  nibs)  preceding  a  warm  front  marks  the 
forward  edge  of  the  cirrus  cloud  sheet.  This 
undoubtedly  refers  to  the  edge  of  the  solid 
cirrostratus-altostratus  overcast.  It  probably 
does  not  include  Hne  cirrus,  which  would  either 
be  higher  and/or  would  not  evaporate  immedi- 
ately in  the  lee  of  the  ridge. 

Commanders  Wolff  and  Somervell  of  Project 
AROWA  devised  a  set  of  rules  of  this  type  in 
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which  both  surlace  and  5()0-nil)  patterns  are 
considered,  Tor  a  typical  500-nib  wave  pattern, 
they  state: 

1,  No  extensive  cirrostratus  will  occur  before 
the  surface  ridge  line  arrives. 

2.  hxtensive  cirrostratus  follows  the  passage 
of  the  surface  ridge  line. 

3,  No  middle  clouds  appear  before  the  arrival 
of  the  500-nib  ridge  line. 

4.  Middle  clouds  tend  to  obscure  the  cirrus 
after  the  500-nib  ridge  line  passes. 

When  the  500-nib  wave  is  rather  Hat  the  cirrus 
arrival  is  delayed  and  the  cloud  is  thinner.  The 
greater  the  500-nib  streamline  convergence  from 
trough  to  ridge,  the  more  cirrus  between  the 
surface  and  500-mb  ridge  lines. 

Cirrus  in  Relation 
to  the  Tropopause 

Experiences  of  pilots  of  high-llying  aircraft 
have  confirmed  the  earHer  theory  that  the  toj/. 
of  most  cirrus  are  at  or  below  the  tropopause.  In 
midlatitudes  the  top  of  most  extensive  and  thick 
cirrus  hiyers  is  at  or  within  several  thousand  feet 
of  the  polar  tropopause  height,  only  some 
patchy  cirrus  is  found  between  the  equivalent 
polar  tropopau.se  lieiglit  and  the  tropical  (high) 
tropopau.se.  A  small  percentage  of  cirrus  cases 
(including  .sometimes  exten.sivc  cirrostratus)  is 
observed  in  the  lower  stratosphere  above  the 
polar  tropopau.se,  up  to  50,000  feet,  but  mainly 
below  the  level  of  the  Jetstream  core.  The  cirrus 
of  the  equatorial  /.one  also  generally  extends  to 
the  tropopau.se.  There  is  a  general  tendency  for 
the  mean  height  of  the  bases  to  increase  from 
high  to  low  latitudes  more  or  less  parallel  to  the 
mean  tropopau.sc  height,  ranging  from  24.000 
feet  at  70"-80''  latitude  to  35,000  to  40,000 
feet  or  higher  around  the  licjuator.  The  thickness 
of  individual  cirrus  layers  (the  clouds  arc  often 
multilayered)  is  most  frequently  800  feet  in 
midlatitudes,  .some  ca.ses.  however,  range  up  to 
10,000  feet  or  more  with  the  average  cirrus 
/ones  about  6,500  feet.  The  mean  thickness  of 
cirrus  affected  /.ones  tends  to  increase  from  high 
to  low  latitudes.  In  polar  continental  regions  in 
winter,  cirrus  virtually  comes  down  to  the 
ground.  In  midlatitudes  and  in  the  Tropics,  there 
is  little  seasonal  variation, 
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Cirrus  in  Relation 
to  the  Jct.stream 

A  discus.sion  of  cloud  types  a.s.sociated  with 
the  jetstreani  is  contained  in  chapter  4  of  this 
training  manual.  However,  a  few  additional 
ob.servations  and  relations  are  presented  here. 
All  of  the  studies  made  in  this  relation  agree  that 
most  of  the  more  extensive  and  dense  cirrus  is 
on  the  high-pressure  (right,  or  south)  side  of  the 
jet  axis.  Much  of  the  largely  observed  frequency 
of  high  clouds  well  north  of  the  jet  axis  can 
probably  be  accounted  lor  as  the  upper  reaches 
of  cold  frontal  .systems  or  cold  lows  not  directly 
connected  with  the  jetstreani.  In  some  parts  of  a 
trough,  this  high  cloud  may  tend  to  be  dense 
and  in  other  parts  thin  or  .scattered. 

A  CIRRUS  FORECASTING  PROCEDURE 

The  following  technique  was  originally  devel- 
oped by  r.  Singleton  and  B.C.  Wales-Smith  of 
the  British  Meteorological  Service  and  was  pub- 
lished under  the  title.  A  Note  on  Cirrus  Fore- 
casting, in  the  April  1^>60  is.sue  of  The  Meteor- 
ological Magazine.  No.  1.053,  Vol.  89.  An 
abbreviated  method  of  using  this  procedure  was 
developed  by  the  Air  Weather  Service,  2nd 
Weather  Wing.  Forecasters  Bulletin  C-13.  and 
was  published  in  Armed  Service  Technical  Infor- 
mation Agency  Bulletin.  AD  252903.  Credit  is 
given  to  both  sources  for  perniis.sion  to  use  the 
material  in  the  following  .section. 

It  must  be  realized  that  this  is  only  one 
among  several  techniques  available.  It  was  se- 
lected for  its  simplicity  and  ease  of  application. 
However,  all  the  other  rules  and  empirical 
knowledge  should  be  applied  simultaneously  to 
obtain  the  forecast. 

British  forecasters  have  used  as  an  objective 
means  of  forecasting  cirrus,  worksheets  consist- 
ing of  13  questions  for  making  a  6-  to  9-hour 
forecast,  and  6  questions  for  making  a  24-  to 
36-hour  forecast.  Although  worLsheets  are  based 
on  work  done  at  the  British  Meteorological 
Office,  the  parameters  u.sed  should  havi  uni- 
versal application  in  that  they  are  based  on 
generally  accepted  rules  and  theories  on  cirrus 
forecasting. 

A  recent  investigation  has  shown  that  an.swers 
to  just  3  of  these  questions  not  only  provide  a 
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good  basis  for  a  ''Cirrus"  or  *'No  Cirrus" 
forecast  but  also  may  be  used  to  obtain  an 
indication  of  the  expected  high  cloud  cover. 

The  technique  utilizing  the  3  questions  is  valid 
as  far  ahead  as  a  satisfactory  synoptic  forecast 
can  be  made.  We  will  assume  that  it  applies  to  a 
forecast  period  of  24  to  36  hours. 

It  is  the  purpose  of  this  modification  to 
combine  the  worksheets  and  the  technique, 
utilizing  only  3  questions  into  a  single  forecast- 
ing procedure. 

The  procedure  is  covered  in  the  following 
four  iJteps: 

Step  A.  Answer  the  3  questions  in  Part  A  of 
the  combined  worksheet  (figure  10-21).  The 
questions  are  answered  from  prognostic  charts 
for  the  24-  to  36-hour  forecasts  and  by  extra- 
polating  from  current  charts  for  the  6-  to  9-hour 
forecast.  For  each  question  give  a  "score"  of  0, 
1/2,  or  I.  according  to  whether  the  answer  is 
"No,"  ''Uncertain,"  or  "Yes."  With  the  score 
thus  obtained,  go  to  Step  B. 

Step  B.  Enter  figures  10-22  and  10-23  wil.! 
the  score  obtained  in  Step  A.  Figure  10-23 
shows  cirrus  amounts  expressed  in  cumulative 
percentage  as  a  function  of  the  score.  Figure 
10-23  indicates  the  most  likely  amount  of  high 
cloud  to  be  forecast  for  a  given  ,score.  As  an 
example  of  the  use  of  the  figures,  a  score  of  I, 
obtained  in  Step  A.  indicates  that  the  most 
likely  amount  of  cirrus  is  2  oktas  while  d 
forecast  range  of  0-3  oktas  will  be  correct  61 
percent  of  the  time.  This  and  other  examples  are 
listed  in  table  10-1. 

Examination  of  table  10-1  shows  that  for 
scores  of  0-1  and  2  1/2  -3,  fairly  definitive 
forecasts  are  obtained.  For  these  scores,  the 
procedure  stops  here. 

But  with  a  score  of  I  1/2  or  2  the  forecast  is 
indeterminate.  For  example,  a  score  of  2  indi- 
cates a  forecast  range  of  04  oktas  is  likely  on  5 1 
percent  of  occasions  and  a  range  of  2-7  oktas  is 
likely  on  48  percent  of  occasions,  in  order  to 
decide  between  these  alternatives,  we  proceed  to 
Step  C  for  a  24-  to  36-hour  forecast  or  to  Step  D 
for  a  6-  to  9-hour  forecast. 

Step  C.  Answer  the  questions  in  Part  B  of  the 
worksheet.  If  one  or  more  of  the  questions  can 
be  answered  affirmatively,  then  the  greater 
amount  of  cirrus  is  indicated.  If  not,  then  a 


forecast  of  the  lesser  amount  of  cirrus  is 
suggested. 

Step  D,  Answer  the  questions  in  Part  C  of  the 
worksheet.  If  four  or  more  of  the  questions  can 
be  answered  affirmatively,  then  the  greater 
amount  of  cirrus  is  indicated.  If  not,  then  a 
forecast  of  the  lesser  amount  is  suggested. 

By  applying  the  three  basic  questions  in  the 
outlined  manner  and  by  supplementing  the 
resulting  forecast  where  necessary  with  the 
remaining  questions  of  the  worksheet,  a  cirrus 
forecasting  method  is  obtained  which  is  believed 
to  have  considerable  merit. 

The  authors  note  that  the  criteria  employed 
are  not  adequate  for  forecasting  convective 
cirrus  and  that  no  conclusions  can  be  drawn  as 
to  the  validity  of  the  technique  for  this  purpose. 

PREDICTION  OF  SNOW  VS  RAIN 

The  problem  of  predicting  snow  vs  rain  is, 
however,  important  in  its  own  right  because 
r.any  decisions  of  great  operational  importance 
may  hinge  on  the  forecast.  Ordinarily,  an  inch  or 
So  of  precipitation  in  the  form  of  rain  will  cause 
no  serious  inconvenience.  On  the  other  hand, 
the  same  amount  of  precipitation  in  the  form  of 
Miow  (or  sleet  or  freezing  rain)  can  seriously 
interfere  with  transportation,  communications, 
and  other  naval  operations.  In  such  cases  the 
snow-rain  problem  becomes  a  factor  of  the 
greatest  operational  significance. 

This  section  is  concerned  chiefly  with  the 
forecasting  of  snow  vs  rain,  assuming  that 
precipitation  can  be  correctly  predicted.  The 
intermediate  elements,  sleet  and  freezing  rain, 
which  often  occur  in  the  boundary  zone  be- 
tween snow  and  rain,  are  generally  grouped  with 
snow  in  most  of  the  treatment  here.  However, 
one  objective  technique  explains  a  method  of 
differentiating  between  the  several  types.  Speci- 
fically this  section  deals  primarily  with  forecast- 
ing techniques  which  bear  directly  upon  the 
snow-v.s-rain  problem  in  the  United  States.  The 
relationships,  however,  should  have  a  woridwide 
application  insofar  as  the  parameters  that  are 
considered.  The  values,  or  course,  would  have  to 
be  modified  in  accordance  with  your  geograph- 
ical location.  This  should  be  easily  accomplished 
through  a  local  study  of  the  optimum  condi- 
tions. The  various  techniques  and  systems  given 
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•Table         -Optimum  amounts  of  cirrus  to  forecast  for  ''score"  0-3  and  examples  of 

expected  percentage  of  correct  forecasts. 


"Score" 

Opliiiiuiit  Aiitount 
(oklas) 

Correct  forecasts 

Range  in  oktas 

Percent 

C 

0 

0-1 

66 

1/2 

1 

0-2 

62 

I 

2 

0-3 

61 

1  1/2 

3 

0-3 

50 

2 

4 

0-4 

51 

2-7 

48 

2  1/2 

5 

5-8 

53 

3 

6-7 

5-8. 

59 

1 

PART  A 

(24-36  hour  forecast  period.  Use  prognostic  charts) 
The  three  questions  to  be  answered  initially  are: 

1.  Is  the  forecast  area  in  or  just  to  the  rear  of 
a  ridge  in  the  200-mb  (300-mb)*  contour  pattern? 

2.  Is  the  forecast  area  on  the  anticyclonic  side 
of  a  200 -ml)  (300-mb)  Jetstream  and  within  300  miles 
of  the  jet  axis? 

3.  Is  the  forecast  area  less  than  300  miles 
ahead  of  a   surface  warm  front  or  occlusion? 

♦Questions  1  and  2  in  Part  A  were  evaluated  with 
300-mb  data  originally  but  with  200-mb  data  in  the 
abbreviated  method.  It  is  a  reasonable  assumption 
that  either  chart  may  be  used  since  a  ridge  position 
or  anticyclonic  shear  will  normally  appear  at  the 
same  location  on  both  charts. 

PART  B 

(24-36  hour  forecast  period.  Use  prognostic  charts) 

1.  Is  the  air  likely  to  be  moist?  (Using  the 
500-mb  progged  contours  and  latest  available  actual 
chart,  the  air  at  this  level  should  be  traced  back, 
from  the  area  at  the  time  for  which  the  forecast  is 
required,  to  the  region  of  an  available  radiosonde 
ascent.  By  examining  the  depression  of  dewpoint 
below  temperature  atUie  levels  t>00, 450,  and 400  mb. 


answer  the  question.  Is  the  dewi>oint  depression  less 
tlian  or  equal  to  lO*"  C,  at  or  above  500  mb?). 

2.  Will  the  area  be  in  a  tliermal  ridge  as 
suggested  by  the  1,000-500  mb  tliickness  prog? 

3.  Will  the  300-mb  wind  over  tlie  area  veer 
from  the  500-mb  wind  by  20**  or  more? 

PART  C 

(6-9  hour  forecast  period.     Extrapolate  from 
current  charts) 

1.  Is  the  depression  of  dewpoint  below  air 
temperature  at  500  mb  less  than  or  equal  to  lO'^C? 

2.  Is  the  depression  of  dewpoint  below  air 
temperature  at  450  mb  less  than  or  equal  to  lO®  C? 

3.  Is  t!ie  depression  of  dewpoint  below  air 
temperature  at  400  mb  less  than  or  equal  to  10®  C? 

4.  Is  the  lapse  rate  in  the  500- to  300-mb 
layer  gixjater  than  the  wet  adiabatic? 

5.  Is  the  400-mb  wind  between  SW  and  NW? 

6.  Is  thdre  a  veer  of  wind  between  500  and  300 
mb  of  20**  or  more? 

7.  Is  tlie  1,000-500  mbthermalwindgreaterthan 

20  KT? 

8.  Is  the  forecast  area  in  a  ridge  in  the  1,000- 
500  mb  thickness  pattern? 

9.  Is  there  anticyclonic  cui-vature  of  the  1,000- 
500  mb  thickness  lines? 

10.  Is  there  a  deep  cold  pool  or  intense  thickness 
trough  in  the  1,000-500  mb  thickness  pattern? 
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Figure  10-21.-Cirrus  forecasting  worksheet. 
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OKTAS  OF  CIRRUS 

CUMULATIVE  PERCENTAGE  OF  CIRRUS 
AMOUNTS  FOR: 

FORECAST  ''SCORES"  0,1/2,1.  1-1/2.2.2^/2.  3 


GEOGRAPHICAL  AND  SEASONAL 
CONSIDERATIONS 

The  forecasting  problem  ol'siiow  vs  rain  arises 
during  the  colder  portion  of  the  year.  However, 
in  midwinter  when  the  problem  is  most  serious 
in  the  Northeastern  and  North  Central  States, 
some  other  regions  of  the  United  States  are  not 
at  all  concerned.  For  example,  in  the  Rocky 
Mountain  region  snow  is  nearly  the  exclusive 
type  of  precipitation  in  midwinter.  Along  the 
Gulf  of  Mexico  and  the  Pacific  coasts  (excluding 
the  Sierra  Nevada  and  Cascade  Ranges),  snow  is 
rare.  Other  areas  of  the  world  experience  similar 
problems. 

A  set  of  figures  has  been  reproduced  in  the 
U'S.  Department  of  Commerce's  Snow  vs  Rain 
publication  which  demonstrates  the  geographic 
and  seasonal  variations  of  snow  vs  nun.  These 
figures  show  the  normal  monthly  snowfall  in 
inches  and  the  total  melted  precipitation  in 
inches,  as  well  as  the  ratSo  between  snowfall  and 
total  precipitation.  These  data  were  obtained 
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Figure  10-22.-Cumulative  percentage  of  cirrus  amounts 
for  forecast  "scores"  0,  1/2, 1,1   /2,  2,  2  1/2,  3. 

here'  often  complement  each  other,  and  the  alert 
forecaster  should  be  aware  of  the  application  of 
all  methods.  The  approach  used  here  is  a 
di,scu,ssion  of  the  general  synoptic  patterns,  the 
thermal  relationships  (that  is,  the  use  of  tem- 
peratures at  the  surface  and  aloft  in  separating 
cases  of  rain  from  those  of  snow),  and  the 
presentation  of  an  objective  technique  to  dis- 
tinguish the  types  of  precipitation. 

The  material  in  this  section  of  the  chapter  was 
derived  chiefly  from  two  publications:  The 
Prediction  of  Snow  vs  Rain,  U.S.  Department  of 
Commerce  Forecasting  Guide  No.  2;  and  Fur- 
ther Studies  in  the  Development  of  Short  Range 
Weather  Prediction  Techniques,  GRD  Contract 
No.  AFI9(604)-2073,  Scientific  Report  No.  1. 
A  more  complete  study  of  these  and  other 
publications  should  immeasurably  improve  your 
ability  to  differentiate  between  frozen  and 
liquid  forms  of  precipitation  in  your  forecast. 
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Fig'ire  10-23.-Average  amounts  of  cirrus  observed 
plotted  against  forecast  "score." 
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from  the  National  Weather  Service.  Local  Cliina- 
tological  Data  for  various  stations.  It  is  assumed 
for  convenience  that  on  the  average  1  inch  of 
snow  yields  about  1/10  inch  of  melted  precipita- 
tion, then  an  '*all-snow''  station  would  have  a 
ratio  of  10  a  station  with  50  percent  of  its 
precipitation  as  snow  a  ratio  of  5,  and  a  **no 
snow"  station  a  ratio  of  0.  It  should  be 
mentioned  that  recent  studies  indicate  the  ratio 
of  snowfall  to  its  water  equivalent  may  average 
as  much  as  12  or  13,  even  when  temperatures 
are  not  far  below  freezing.  The  "all  snow" 
stations  may  have  ratios  in  these  figures  which 
are  in  excess  of  !0. 

Due  to  the  local  influence  of  bodies  of  water 
and  the  effects  of  altitude,  interpolation  be- 
tween the  plotted  data  on  the  charts  must  be 
done  with  care. 


The  ratio  charts  are  intended  to  show  in  a 
rough  way  the  frequency  with  which  the  snow- 
rain  problem  occurs  at  various  places.  In  spite  of 
the  crudeness  of  the  scheme,  meteorologists 
familiar  with  the  occurrence  of  borderline  type 
precipitation  have  noted  that  the  charts  present 
a  reasonable  picture.  Figure  10-24  illustrates  one 
of  these  charts  for  the  month  of  December. 

You  can  readily  see  that  by  utilizing  this  type 
chart  you  would  not  only  have  an  indication  of 
the  months  and  periods  of  greatest  snowtall,  but 
the  percentage  factor  would  give  you  a  good 
indication  of  the  likelihood  of  snow, 

PHYSICAL  NATURE  OF  THE  PROBLEM 

The  type  of  precipitation  that  reaches  the 
ground  in  a  borderline  situation  is  essentially 
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Figure  10-24.-Ratio  of  normal  monthly  snowfall  to  normal  total  precipitation  for  the  month  of  December,  Lirge 
figures  to  the  left  of  the  station  circle  is  the  ratio,  figure  to  the  upper  right  is  normal  snowfall  in  inches  for  th« 
period  of  record  (1921-1950),  and  figure  to  the  lower  right  is  normal  total  precipitation  in  inches  for  the  period  of 
record.  Regions  where  ratios  are  between  2  and  8  are  shaded. 
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clepeiulent  upon  wlicthci  thcic  a  Ltyci  of 
above-freezing  teinperaliires  between  the  giounJ 
iinil  the  levels  at  which  precipitation  is  forming, 
and  whether  this  la>er  is  siifficientK  deep  to 
melt  all  of  the  falling  snow,  fluis,  the  correct 
prediction  of  rain  or  snow  »it  a  gi\cn  location 
depends  largely  upon  the  accuracy  with  which 
the  vertical  distribution  of  the  temperature, 
especially  the  height  of  the  freezing  leveL  can  be 
predicted.  On  the  average,  it  is  generally  satisfac- 
tory to  assume  that  the  frcxving  level  must  be  at 
least  L200  feet  above  the  surface  to  insure  that 
most  of  the  snow  will  melt  before  reaching  the 
ground. 

At  the  present  state  of  foreeastnig  capabili- 
ties, it  is  difficult  to  predict  the  entire  sounding 
or  even  the  height  of  the  freezing  level  for 
periods  of  more  than  a  few  hours  m  the  future. 
For  periods  of  12  to  .^6  hours,  it  is  necessary  to 
deal  with  much  more  general  thermal  parani- 
eter.>,  such  as  temperatures  at  a  tew  selected 
levels  or  mean  temperatures  of  relatively  thick 
layers.  These  will  be  discussed  later  in  this 
chapter.  The  following  is  a  review  of  the 
processes  that  mlluence  local  temperature 
changes,  particularly  those  playing  a  critical  role 
in  the  snow-rain  problem. 

Effects  of  Advection 

In  the  lower  troposphere  (a\\a\  from  the 
uiimediatc  surface),  hori/ontal  advection  is  usu- 
ally the  <.lonnnant  factor  intlueiiciiig  the  local 
temperature  change.  In  most  precipitation  situa- 
tions, particularly  in  the  borderline  situations, 
warm  air  advection  and  upward  motion  are  both 
occurring  so  that  warming  is  generally  expected 
to  accompany  precipitation.  I'liese  inlluences 
operate  in  the  direction  of  turning  the  precipita- 
tion to  rain,  even  if  it  starts  as  snow.  However, 
this  effect  is  frequently  oflset  when  there  is 
weak  warm  advection  *>r  even  cold  advection  in 
the  coid  air  mass  in  the  lower  lasers.  The 
maintenance  of  subfrce/jng  air  m  layers  near  the 
surface  retards  Mie  effects  of  warmmg  aloft,  and 
even  if  the  temperature  <>t  a  sigjuucant  layer 
aloft  (about  1.200  feet  or  more  thick)  rises  to 
values  above  freezing  due  to  advection,  there 
may  be  a  prolonged  period  of  sleet  or  free/mg 
rain  before  the  precipitation  turns  to  rain. 


In  situations  where  precipitation  is  occurring 
in  association  with  a  cold  upper  low,  upward 
motion  is  accompanied  by  little  if  any  warm 
advection.  In  such  borderline  cases,  precipitation 
may  persist  as  snow,  or  will  tend  to  turn  to  snow 
if  it  started  »is  rain,  due  to  cooling  resulting  from 
upward  motion  or  advection. 

Nonadiabatic  Effects 

The  most  important  of  the  nonadiabatic 
effects  is  evaporational  cooling  which  takes 
place  as  precipitation  tails  through  unsaturated 
air  between  the  clouds  and  the  ground.  This 
effect  is  especially  pronounced  when  very  dry 
air  is  present  in  low  levels  with  wet-bulb 
temperatures  at  or  below  freezing.  Then,  even  if 
the  dry-bulb  temperature  is  above  freezing  in  a 
layer  deeper  than  1,200  feet  in  the  lower  levels, 
the  precipitation  may  still  fall  as  snow,  ,since 
evaporation  of  the  snow  will  lower  the  tempera- 
tures in  the  layer  between  cloud  and  ground 
until  the  below-freezing  wet-bulb  temperatures 
are  approached. 

The  actual  cooling  which  is  observed  during 
the  period  when  evaporation  is  taking  place  is 
often  on  the  order  of  5^  to  1 0^1-  within  an  hour 
or  two>  After  the  low  level  air  is  nearly 
saturated,  evaporation  practically  ceases  and 
advection  brings  a  rise  in  the  temperature  in  the 
low  levels.  However,  reheating  often  comes  too 
late  to  bring  a  quick  change  to  rain  since  the 
temperatures  may  have  dropped  several  degrees 
below  freezing,  much  snow  may  have  already 
fallen,  and  the  lower  levels  niay  be  kept  cool 
through  the  transfer  of  any  horizontally  tran,s- 
ported  heat  to  the  colder  snow  covered  surface. 

Melting  of  Snow 

Melting  of  snow  to  rain  in  its  descent  through 
lasers  which  are  somewhat  above  freezing  is 
another  process  which  may  cool  the  air  in  the 
lower  troposphere.  To  obtain  .subotantial  tem- 
perature changes  due  to  melting,  it  is  necessary 
to  have  rather  heavy  amounts  of  precipitation 
falling  and  little  warm  air  advection.  As  cooling 
proceeds  far  enough,  the  temperature  of  the 
entire  lower  sounding  will  reach  freezing. so  that 
a  heavy  rainstorai  can  transform  into  a  heavy 
snows»orm. 
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Ci,ses  of  ^ul>^tanlial  lowering  of  the  free/Jng 
level  due  to  melting  are  relatively  rare,  Tlii.s  i.s 
probably  iliie  to  the  fact  that  the  Lonibination 
of  hea\\  K4iii  ami  little  oi  no  warm  aJvection 
rci|iiircJ  for  cooling  Jiie  to  melting  i.s  an 
infrequent  oeeiirrenee. 

Combined  Effects 

The  combined  eri'ect.s  of  hori/.ontal  tempera- 
ture ad\ection.  vertical  motion,  ami  cooling  Jue 
to  e\aporation  are  well  lI  b\  oh.sena- 

tion.s  ofiiic  behavior  of  the  bright  banil  (melting 
layer)  on  radar.  R.  Wexler  ha.s  observed  that 
within  the  first  I  1/2  hour.s  after  the  on.set  of 
precipitation,  the  blight  bami  lowers  b>  about 
5O0  to  1.000  feet.  This  is  attributable  primarilv 
to  evaporational  cooling  anil  probablv  .secoml- 
arilv  to  melting.  Sin^e  evaporational  cooling 
terminates  as  .s*ituration  roacheil.  warm  air 
advection  (parriallv  offset  bv  upwanl  motion) 
again  becomes  dominant  ami  the  bright  banil 
rises  back  to  near  its  origmal  le\el  in  about  3 
hours  after  the  onset  of  precipitation  ami  may 
rise  a  few  thousami  feet  more  the  end  of  (>  to  8 
hours. 

Other  nonailiabatic  effect.s.  .sucli  as  railiation 
and  heat  exchange  with  the  surface.  probabK 
pla>  a  relati\elv  .smaller  role  in  the  .snow-rain 
problem.  However,  it  is  likely  that  a  ilifferencc 
in  the  stale  of  the  underlying  .surface  (snow 
covered  land  vs  open  water)  could  ileterinine 
whether  the  lower  layer.s  wouki  be  abo\e  or 
below  freezing  at  a  place  in  a  particular  precipi- 
tation .situation.  Occasionallv  along  a  ^eaco.lst  in 
winter,  heat  fro::;  the  open  water  keeps  tempera- 
tures offshore  abo\c  freezing  in  lower  le\eK. 
Along  the  ea.st  coa.st  of  the  United  States,  for 
example,  ininieiliate  coa.stal  area.s  mav  ha\e  rain, 
while  a  few  miles  inland,  .snow  predominates. 
This  is  a.ssoeiated  with  low  level  onshore  How 
which  is  typical  of  many  east  coast  cyclones. 
Actually  this  cannot  be  classified  as  a  purely 
nonadiabatic  effect  relative  to  the  land  station  at 
which  rain  rather  than  snow  is  occurring,  since 
the  warmer  ocean  air  is  being  adveeted  on  shore 
and  over  the  land  involvetl. 

GENERAL  SYNOPTIC 
CONSIDERATIONS 

The  location  of  the  snow  rain  zone  usually 
depends  upon   relatively  .small-.s^ale  .synoptic 
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consiilerations,  such  as  the  exact  track  of  the 
.surface  ilisturbance.  whether  the  wind  at  a 
coastal  station  is  east  or  northeast,  the  position 
of  the  warm  front,  ami  the  orientation  of  a  ridge 
northeast  of  a  low.  The  larger  synoptic  features 
do,  however,  determine  the  approximate  posi- 
tion of  the  snow-rain  zone.  An  awareness  of  this 
serves  as  an  alert  to  the-  forecaster  and  is  a  useful 
tool  in  forecasts  extending  beyond  24  hour.s. 

In  the  larger  .sen.se.  the  snow-rain  zone  i.s  tied 
to  the  po.sition  of  the  polar  front.  The  polar 
front  location  i.s  in  turn  clo.sel>  related  to  the 
po.sition  of  the  belt  of  strong  wind>  in  the 
miiklle  and  upper  tropo.spliere.  When  tlie  wester- 
lies are  depre.s.seil  southward,  the  .storm  track  is 
similarlv  affected  and  the  .snow-rain  zone  may 
be  a.s  far  .south  a.s  the  Southern  United  States,  As 
the  westerlies  .shift  north  of  their  normal  po.si- 
tion. the  storm  track.s  develop  acro.ss  Canada, 
Conconn'tant  with  thi.s  nortliward  ,shift,  the 
United  States  haj>  above  normal  temperatures, 
and  the  ,snow-rain  problem  mav  cxiNt  onl\  along, 
or  north  of,  the  Canadian  border. 

With  a  Rat,  fa,st  westerly  fiow,  aloft,  the 
snow-rain  zone  will  extend  in  a  narrow  westeast 
belt  often  well  aheaJ  of  the  .surface  perturbation 
and  will  undergo  little  latitudinal  displacement 
a.s  the  perturbation  move^  acro,ss  the  country, 
U,suall>  there  i,s  ver\  little  rain,  and  ,snow  i.s 
found  inimediatelv  north  of  the  warm  front. 
Mo.st  of  the  station.s  at  whicl.  precipitation 
Occurs  will  not  undergo  a  change  from  one  tvpe 
of  precipitation  to  another,  .since  there  i.s  rela- 
tively little  ad\ection  of  warm  or  cold  air  with 
rapid  zonal  motion. 

When  the  upper  level  wa\e  i.s  of  large  or 
increa.sing  amplitude,  it  i.s  difficult  to  generalise 
about  the  characten.stic.s  of  the  snow-rain  prob- 
lem without  con.sulering  in  detail  the  .surface 
perturbation. 

Up  to  now  in  this  .section,  the  .snow-rain 
pattern  ha.s  been  i.li.scu.s.sed  in  a.s.sociation  with  an 
active  low  of  the  clas.sical  type.  The  rate  of 
precipitation  accumulation  iiere  i.s  rapid  and  the 
tran.sition  period  of  freezing  rain  or  .sleet  i.s 
short,  usually  on  the  order  of  a  few  hours  or 
less.  Another  situation  in  which  there  is  fre- 
quently a  ,snow-rain  problem  is  that  of  a 
quasi-stationary  front  in  the  Southern  States 
with  a  broad  west-southwest  to  southwest  flow 
aloft  anil  a  weak  .surface  low.  The  precipitation 
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area  in  this  case  tends  to  heconic  elongated  in 
the  direction  of  the  upper  level  current.  The 
precipitation  rate  may  be  slow,  but  occurs  over  a 
longer  period  Often  a  broad  area  of  sleet  and 
freezing  rain  exists  between  belts  of  snow  and 
rain,  leading  to  a  serious  icing  condition  over  an 
extensive  region  for  a  period  of  several  hours  or 
more.  This  pattern  of  precipitation  changes 
either  as  an  upper  trough  approaches  from  the 
west  and  initiates  cyclogenesis  on  the  front,  or 
as  the  now  aloft  veers  and  the  precipitaiton  dies 
out. 

FORECASTING  TECHNIQUES 
AND  AIDS 

Approaches  to  the  snow  vs  rain  forecasting 
problem  have  generally  fallen  into  three  broad 
categories.  The  first  group  depends  on  the  use  of 
the  latest  observed  tlow  patterns  and  parameters 
derived  therefrom  to  predict  the  prevalent  type 
of  precipitation  for  periods  as  much  as  36  hours 
in  advance.  The  second  group  consists  of  studies 
relating  local  parameters  to  the  simultaneous 
occurrence  of  rain  or  snow  at  a  particular  station 
cr  area.  In  this  approach,  it  is  assumed  that 
predicted  values  of  the  thermal  parameter  will 
be  obtainable  from  circulation  or  other  prog- 
noses. Naturally,  this  approach  tends  to  have  its 
greatest  accuracy  for  periods  of  12  hours  or  less, 
since  iungcr  period  temperature  predictions  lor 
the  boundary  zone  bpfween  rain  and  snow  are 
very  difficult  to  make  with  sufficient  precision. 
A  third  approach  used  here  involves  the  use  of 
one  of  the  many  objective  techniques  available. 
A  number  of  stations  have  developed  objective 
techniijues  which  arc  chiefiy  local  in  application. 
The  method  presented  here  is  applicable  to  the 
eastern  half  of  the  United  States.  Thus,  the 
general  procedure  in  making  the  snow-rain  fore- 
cast at  present  is  to  use  a  synoptic  method  (a 
purely  subjective  evaluation  of  the  situation  will 
have  to  suffice  if  an  objective  method  has  not 
been  developed  for  the  area  in  question)  for 
periods  up  to  24  to  36  hours  ahead,  and  then  to 
consider  expected  behavior  of  thermal  param- 
eters over  the  area  of  interest  to  obtain  more 
precision  for  periods  of  about  12  hours  or  less. 
The  third  step  would  be  to  employ  any  local 
objective  technique.  For  a  listing  of  some  of  the 
techniques  available,  consult  the  Air  Weather 


Service  Publication,  Catalogue  of  Predictors 
Used  in  Local  Objective  Forecast  Studies, 
AWSTR  105-19. 

A  number  of  methods  based  on  synoptic  flow 
patterns  applicable  to  the  United  States  are 
described  in  the  U.S.  Department  of  Com- 
merce's publication.  The  Prediction  of  Snow  vs 
Rain,  Forecasting  Guide  No.  2.  These  methods 
are  mostly  local  in  application  and  are  much  too 
detailed  to  be  presented  in  this  training  manual. 

Prognostic  charts  from  the  National  Meteor- 
ological Center  and  other  ,sources  should  be 
utilized  whenever  and  wherever  available,  not 
only  to  determine  the  occurrence  and  extent  of 
precipitation,  but  for  the  prediction  of  the 
applicable  thermal  parameters  as  well. 

Methods  Employing  Local 
Thermal  Parameters 

In  this  section  we  will  discuss  methods  em- 
ploying surface  temperature,  upper  level  tem- 
peratures, thicknesses,  the  height  of  the  freezing 
level,  and  the  forecast  using  combined  param- 
eters. All  of  these  parameters  are  interdepen- 
dent and  should  be  considered  simultaneously. 

SURFACE  TEMPERATURES.  The  surface 
temperature  by  itself  is  not  an  effective  cri- 
terion. Its  use  in  the  snow-rain  problem  has 
goneraiiy  been  used  in  combination  with  other 
thermal  parameters.  One  study  for  the  North- 
eastern United  States  found  that,  at  35^F,  snow 
and  rain  occurred  with  equal  frequency  and  by 
using  35^ F  as  the  critical  value  (predict  snow  at 
35^F  and  below,  rain  above  35^F),  85  percent 
of  the  original  cases  could  be  classified.  Another 
study  basjd  on  data  from  stations  in  England 
suggested  a  critical  temperature  of  34.2''F  and 
found  that  snow  rarely  occurs  at  temperatures 
higher  than  39^F.  However,  it  is  obvious  from 
these  studies  that  even  though  surface  tempera- 
ture is  of  .some  general  use  in  separatmg  rain 
from  snow,  it  is  an  inadequate  discriminator  in 
crucial  cases.  Thus,  most  investigators  have 
looked  to  upper  level  temperatures  as  a  further 
aid  to  the  problem, 

UPPER  LEVEL  TEMPERATURES,  Two 
studies  of  the  Northeastern  United  States  found 
that  temperatures  at  the  8.50-nib  level  proved  to 
be  a  good  separating  parameter  and  that  niclud- 
ing  the  surface  temperature  did  not  make  any 
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bignificant  contribution.  The  separating  tempera- 
tures at  850  mb  were  -l""  to  -4^C  inckisive. 
Another  study  by  J.  T.  Hilvvorth  found  that  the 
area  outlined  by  the  O^'C  isotherm  at  550  mb 
and  the  32^ V  ioolhcini  on  the  surface  chart, 
when  superimposed  upon  the  precipitation  area, 
separated  the  types  of  precipitation  in  a  high 
percentage  of  cases.  The  author's  experience 
with  this  technique  reveals  thai  lower  values 
should  be  used  along  coastal  areas  (in  the  -2^  to 
-4^C  category)  and  also  behind  deep  cold  lows. 
At  mountain  stations  some  higlur  level  would 
have  to  be  used. 

A  technique  that  utilizes  temperatures  from  a 
standard  isobaric  surface  is  advantageous  be- 
cau.se  these  charts  are  usually  available  in  the 
forecast  office.  There  is.  however,  the  difficulty 
that  temperature  inversions  are  occasionally 
located  near  tlie  the  850-  or  700-mb  levels,  so 
that  the  temperature  of  one  level  may  not  be 
indicative  of  any  relatively  deep  layer  of  the 
atmosphere.  This  difficulty  can  be  over».onie  by 
using  thickness,  which  is  a  measure  of  the  mean 
temperature  of  the  layer. 

THICKNESSES.  Thickness  forecasting  in  re- 
lation to  .snow-rain  studies  has  been  used  for  a 
number  of  years.  The  National  Meteorological 
Center  has  examined  both  1.000-700  mb  and 
1.000-500  mb  thickness  limits  for  the  eastern 
half  of  the  United  Stages.  The  critical  values 
used  are  9.200-9.400  feet  (2.805-2.865  meters) 
for  the  1.000-700  mb  thickness  and 
17,600-17.800  feet  (5.365-5.425  meters)  for  the 
1 .000-500  mb  thickness.  Also  it  has  been  noted 
that  where  the  1,000-500  mb  thickness  is 
17,200  feet  (5.243  meters)  or  less,  the  snow  is 
more  likely  to  be  in  the  form  of  .snow  Hurries 
than  to  be  continuous  snow. 

Two  studies  in  the  United  States,  one  for  Fort 
Riley.  Kan.sas.  and  the  other  for  Mitchell  Field, 
New  York,  revealed  that  the  critical  values  or 
equal  probability  values  for  the  1.000-700  mb 
thickne.s.ses  were  9,350  feet  (2,850  meters)  and 
9,250  feet  (2.820  meters),  respectively .  Another 
study  for  Washington,  D.C.  suggested  an  apper 
limit  of  9.350  feet  for  snow  cases.  The  value  of 
9J00  feet  for  the  eastern  half  of  the  United 
States  appears  to  be  a  good  average  value  of 
equal  probability  for  the  1,000-700  mb  thick- 
ness. 


A  more  generah/:ed  study  of  1.000-500  mb 
thickness  as  a  predictor  of  the  precipitation  type 
in  the  United  States  was  made  by  A.J,  Wagner  in 
1957  on  an  Air  Force  GRD  Contract.  More 
complete  details  on  this  study  may  be  found  in 
The  Prediction  of  Snow  vs  Rain,  Forecasting 
Guide  No.  2. 

Wagner's  study  was  taken  from  data  from  40 
stations  over  the  United  States  for  the  colder 
months  of  a  2-year  period.  Cases  were  limited  to 
surface  temperatures  between  10°F  and  50^F. 
The  type  of  precipitation  in  each  case  was 
considered  as  belonging  in  one  of  two  categories, 
as  follows:  Frozen,  which  includes  snow,  sleet, 
granular  snow,  and  snow  crystals;  and  unfrozen, 
which  includes  rain,  rain  and  snow  mixed, 
drizzle,  and  freezing  rain  and  drizzle. 

Equal  probability  or  critical  thickness  values 
were  obtained  from  the  data  at  each  station. 
From  this  study  it  is  clear  that  the  critical 
thickness  increases  with  increasing  altitude.  This 
altitude  relationship  is  attributable  to  the  fact 
that  a  sizable  part  of  the  thickness  layer  is 
nonexistent  for  high-altitude  stations  and  obvi- 
ously does  not  participate  in  the  melting 
process.  In  order  to  compensate  for  this,  the 
equal  probability  thickness  must  increase  with 
station  altitude.  For  higher  altitude  station's 
thicknesses  between  850-500  mb  or  700-500 
mb,  as  appropriate,  should  prove  to  be  better 
related  to  precipitation  type. 

Th:  Wagner  equal  probability  chart  is  repro- 
duced in  figure  10-25. 

Wagner's  study  also  indicates  that  the  type  of 
precipitation  can  be  specified  with  a  certainty  of 
75  percent  at  plus  or  minus  100  feet  (30  meters) 
from  the  equal  probability  value,  increasing  to 
90  percent  certainty  at  plus  or  minus  300  (90 
meters)  feet  from  this  value.  Stability  is  the 
parameter  that  accounts  for  the  variability  of 
precipitation  for  a  given  thicknes  at  a  given 
point.  This  fact  is  taken  into  account  in  the 
follov/ing  manner.  For  example,  if  the  forecast 
precipitation  is  due  to  a  warm  front  which  is 
much  stronger  (more  stable)  than  usual,  the  line 
separating  rain  from  frozen  precipitation  is 
shifted  toward  higher  thickness  values.  Over  the 
Great  Lakes,  where  snow  occurs  in  unstable  or 
stable  conditions  (frontal),  the  equal  probability 
thickness  is  lower  than  that  shown  in  figure 
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Figure  10-25.— Map  showing  1,000-  BOO  mb  thickness  values  for  which  probability  of  rain 
or  frozen  precipitation  is  equal  (after  Wagner). 


10-25  for  snuw  showers,  and  higher  than  that 
shown  in  figuic  10-25  for  Wvirni  frontvH  snow. 

In  using  this  technique  over  the  United  States, 
the  current  transmission  of  thickness  progs  can 
be  utilizecl.  .Since  shorter  period  forecasts  of 
thicknesses  are  more  accurate,  it  is  likely  that 
the  results  of  these  studies  of  thickness  related 
to  precipitation  type  will  be  of  the  K^^'^^f^'^^t 
assistance  in  snow-rain  prediction  for  periods  of 
12  hours  uriess. 

UlilGllTOrTllh  FRI:I:ZING  LHVIiL  The 
height  of  the  free/jng  level  above  the  surface  is 
one  uf  the  most  critical  thermal  parameters  m 
detcnnining  whether  snow  can  reach  the  ground. 


It  was  pointed  out  earlier  in  this  section  of  the 
chapter  that  theoretical  and  observational  evi- 
dence indicates  that  a  freezing  level  averaging 
1.200  feet  or  more  above  the  ground  is  usually 
needed  to  insure  that  most  of  the  snow  will  melt 
before  reaching  the  ground.  This  figure  of  1,200 
feet  can  thus  be  considered  as  a  critical  or  equal 
probability  value  of  the  freezing  level,  in  prac- 
tice, since  prediction  of  the  freezing  level  is 
rather  difHcult,  even  for  a  short  period  of  time 
ahead,  it  has  rather  limited  value  as  a  predictor 
of  rain  vs  snow. 

COMBINED  THERMAL  PARAMIiTIERS. 
iTom  the  foregoing  discussion,  it  is  concluded 
that  no  one  method,  when  used  alone,  is  a  good 
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discriniinatoi  in  the  siiow  laiii  foiLxasting  piob- 
le 111.  Therefore,  it  is  suggested  that  the  Lonibinecl 
use  of  the  surface  leniperature,  height  of  the 
free?ing  level.  850-nih  temperature,  aiui  the 
LOOO-700  and/or  I.OOOoOO  mh  thicknesses  he 
iiKide  to  arrive  at  the  foreeast.  There  is  generalK 
a  high  eorrelation  between  the  850  nib  tempera- 
ture and  the  I  .OOO-'^OO  mb  thiekness  and  be- 
tween the  700-mb  temperature  and  the 
1,000-500  mh  thickness.  CertainK  an  aecurate 
temperature  forecast  foi  these  two  levels  would 
yield  an  approximate  tliickness  value  for  dis- 
criminating purposes. 

Hilvvorth  .Method 

P-'  technique  and  the  following  technique 
on  forecasting  the  area  of  maximum  snowfall 
were  taken  from  I'urther  Studies  in  the  Develop- 
ment of  Short  Range  Weather  Predietion  Tech- 
niques. CRD  Contract  No.  At  I9(o04)-:073 
Scientific  Report  No.  I,  by  J.J.  George  and 
Associates. 

The  determining  factor  in  the  type  of  precipi- 
tation in  this  study  was  found  to  be  the 
distribution  of  temperature  and  moisture  be- 
tween the  surface  and  the  700-mb  level  at  the 
time  of  beginning  of  precipitation.  However, 
prediction  of  the  sounding  of  this  strata  with 
any  degree  of  accuracy  was  found  to  be  quite 
involved  and  impractical.  Therefore,  the  median 
level  of  850  mb  was  studied  in  conjunction  with 
the  precipitation  area  and  the  32*^r  isothcim 
sketched  on  the  surface  synoptic  chart.  This 
method  presents  an  objective,  yet  practical 
method,  by  which  tho  forecaster  can  make  a 
decision  on  whether  the  precipitation  in  winter 
wiil  be  rain,  snow,  freezing  rain.  sled,  or  some 
combination  of  these. 

The  following  objective  techniques  ean  be 
applied  to  the  land  area  south  of  50^  north 
latitude,  and  east  of  a  line  drawn  through 
Williston:  North  Dakota.  Rapid  Cit>.  South 
Dakota:  Goodland.  Kansas:  and  Amarillo.  Texas. 

It  was  found  that  the  area  outlined  by  the  OT 
isotherm  at  850  mb  and  the  32^ P  isotherm  on 
the  surface  chart,  when  superimposed  upon  the 
precipitation  area,  generally  separates  the  t>pes 
of  precipitation,  that  is,  most  of  the  pure  rani 
was  found  on  the  warm  side  of  the  32^r 
isotherm,  and  most  of  the  pure  snow  on  the  cold 


side  of  the  0°C  isotherm  with  intermediate 
types  falling  generally  within  the  enclosed  area 
between  these  two  isotherms.  It  was  further 
realized  that  in  a  large  niajoiity  of  situations, 
evapoiation  and  condensation  was  a  sizable 
factor,  both  at  850  mb  and  at  surface  levels  in 
its  effect  upon  temperature.  With  this  in  iiimd, 
the  wet-bulb  temperature  w*is  selected  for  inves- 
tigation because  of  it.s  conservative  properties 
with  respect  to  evaportaion  and  condensation, 
and  also  because  of  its  ease  of  computation 
directly  from  the  temperature  and  devvpoint. 
Graphs  are  shown  in  the  following  section,  along 
with  rules  lor  movement  of  the  850-nib  tem- 
perature and  O^C  wet-bulb  isotherm.  The  sur- 
face, chart  is  used  for  computations  of  the 
1,000-nib  level  since  the  surface  chart  approxi- 
mates the  I.OOO-mb  level  for  most  stations 
during  a  snow  situation  and  therefore  little  enor 
IS  introduced.  IT  MUST  BE  REMEMBERED 
THAT  ALL  PREDICTIONS  ARE  BASED  ON 
FORECAST  VALUES. 

MOVEMENT  OF  THE  850-MB  O^'C  ISO- 
THERM. No  completely  objective  method  of 
forecasting  the  850-inb  isother:iis  is  available.  A 
reasonably  good  approximation  can  be  made 
subjectively  by  the  use  of  the  following  rules 
and  by  a  combination  of  extrapolation  and 
advection.  tempered  wiih  synoptic  develop- 
ments. (See  llg.  I0-26(A)  and  (B)  for  typical 
warm  and  cold  air  advection  patiern  at  850  mb.) 

The  following  rules  for  the  movement  ot  the 
24diour  850-mb  temperature  change  areas  have 
been  devised: 

1 .  Maximum  cooling  takes  place  between  the 
(S50-nib  contour  trough  and  the  850-mb  iso- 
therm ridge  east  of  the  trough. 

2.  Maximum  warming  takes  place  between 
the  850-mb  contour  ridge  and  the  850-mb 
isotherm  trough  east  of  the  contour  ridge. 

3.  Changes  are  slight  with  an  ill-defined  iso- 
thcnr  and/or  contour  pattern. 

4.  Usually,  little  change  occurs  when  iso- 
Ihciins  and  contour.s  are  m  phase  at  the  850-nib 
level. 

5.  The  temperature  falls  at  850  mb  tend  to 
replace  height  falls  at  700  nib  in  an  average  of 
24  hours.  Conversely,  temperature  rises  replace 
height  rises. 
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(A)  COLD  AIR  ADVECTION  (850tnb) 
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«52  158 
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(B)  WARM  AIR  ADVECTION  (  850mb) 

AG.600 

Figure  10*26.— Typical  cold  and  warm  air  advection 
-  patterns  at  850  mb.  (A)  Cold;  (B)Warm. 

6.  With  filling  troughs  or  northeastward  mov- 
ing lows,  despite  northwest  flow  behind  the 
trough,  850-mb  isotherms  are  seldom  displaced 
southward,  but  follow  the  trough  toward  the 
east  or  northeast. 

7.  Always  predict  temperature  falls  immedi- 
ately following  a  trough  passage. 

8.  Do  not  forecast  temperature  rises  of  more 
than  1  or  2  degrees  in  areas  of  light  or  sparse 
precipitation  in  the  fore-trough.  If  the  area  of 
precipitation  is  widespread  and  moderate  or 
heavy,  forecast  no  temperature  rise. 

9.  Upslope  effect  in  the  United  States  starts 
approximately  at  the  100th  meridian  for  south- 
east winds.  Such  a  pattern  will  result  in  slight 
24-hour  cooling  where  warming  might  otherwise 
be  indicated. 


10.  With  eastward  moving  systems  under 
normal  winter  conditions  (troughs  at  700  mb 
moving  east  about  11°  per  day),  a  distance  of 
400  nautical  miles  to  the  west  is  a  good  point  to 
locate  the  temperature  to  be  expected  at  the 
forecasting  point  24  hours  hence.  A  good 
850-mb  temperature  advection  speed  seems  to 
be  about  75  percent  of  the  700-mb  trough 
displacement. 

The  following  is  a  step-by-step  procedure  for 
moving  the  850-mb  0°C  isotherm : 

1.  Extrapolate  for  12  and  24  hours  the 
thermal  ridge  and  trough  points.  If  poorly 
defined,  this  step  may  be  omitted.  The  ampli- 
tude of  the  thermal  wave  may  be  increased  or 
decreased  subjectively  if,  during  the  past  12 
hours,  there  has  been  a  corresponding  increase 
or  decrease  in  the  height  of  the  contours  at  500 
mb. 

2.  The  thermal  wave  patterns  will  maintain 
the  approximate  relative  position  with  the 
850-mb  height  troughs  and  ridges.  Therefore, 
the  12-  and  24-hour  prognostic  position  qf  the 
contour  trough  and  ridges  should  be  made  and 
the  extrapolated  positions  of  the  thermal  points 
checked  against  this  contour  prog.  Adjustments 
of  these  points  should  be  made. 

3.  Select  points  on  the  0°C  isotherm  that  lie 
between  the  thermal  ridge  and  trough  as  fol- 
lows: one  or  two  in  the  apparent  warm  advec- 
tion area,  and  one  or  two  in  the  apparent  cold 
advection  area.  Apply  the  following  rules  to 
these  selected  points. 

a.  Warm  Advection  Area.  If  the  point  lies 
in  a  near  saturated  or  precipitation  area,  it  will 
remain  practically  stationary  with  respect  to  the 
contour  trough.  If  the  point  lies  in  a  nonsatu- 
rated  area  but  one  that  is  expected  to  become 
saturated  or  actually  to  lie  in  precipitation  area, 
then  it  will  remain  stationary  or  move  upwind 
slightly  to  approximately  the  prognostic  posi- 
tion of  the  0°C  wet-bulb.  If  the  point  does  not 
fall  in  the  above  two  categories,  it  will  advect 
with  about  50  percent  of  the  wind  component 
normal  to  the  isotherm.  Note  in  all  three  cases 
above  the  movement  is  related  to  the  contour 
pattern. 

b.  Cold  Advection  Area.  Advect  the  point 
with  approximately  75-80  percent  of  the  wind 
component  normal  to  it. 
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4.  In  .!tO  case  of  a  closed  low  at  850  mb 
moving  slowly,  the  O^'C  isotherm  will  move 
eastward  with  respect  to  the  closed  low  as  cold 
air  is  advected  all  the  way  around  the  low. 

MOVbMhNT  OF  THh  850-MB  0"C  WET- 
BULB  ISOTHLRM.-The  wet-bulb  temperature 
can  be  forecast  by  the  above  procedure  and  rules 
in  a  general  sense,  remembering  that  it  is 
dependent  upon  dewpoint  as  well  as  the  tem- 
perature. The  dewpoint  will  advect  with  the 
winds  at  nearly  the  lull  velocity,  whereas  the 
temperature  under  nonsalurated  conditions 
moves  slower.  As  saturation  is  reached,  the 
necessity  of  treatment  separate  from  the  O^'C 
isotherm  disappears.  The  following  observations 
with  respect  to  the 0^  C  wet-bulb  isotherm  may 
help: 

1.  The  O^C  wet-bulb  isotherm  does  not  move 
far  offshore  in  the  Gulf  and  the  Atlantic, 
because  of  convection  in  the  cold  air  over  warm 
water, 

2.  If  the  O^C  wet-bulb  ii>otherm  lies  in  a 
ribbon  of  closely  packed  isotherms,  movement  is 
slow. 

3.  Extrapolation  works  well  on  troughs  and 
ridges. 

METHOD  OF  APPLICATION.  After  the 
forecast  of  the  surface  and  850-mb  level  tem- 
perature and  dewpoint  values  are  made,  you  are 
ready  to  convert  these  values  lo  their  respective 
wet-bulb  tc:nperatures.  The  following  procedure 
is  recommended: 

1.  Using  figure  I0-27(A)  and  (B),  compute 
the  wet-LjIb  temperatures  for  the  850-  and 
1,000-mb  levels,  respectively.  (The  surface  chart 
is  used  for  the  1,000-nib  level.)  Admittedly,  the 
wet-bulb  temperatures  at  just  these  two  levels 
does  not  give  a  complete  picture  of  the  actual 
distribution  of  moisture  and  temperature,  and 
error  is  mtroduced  when  values  are  changing 
rapidly,  but  these  are  values  the  forecaster  can 
work  with  and  predict  with  reasonable  accuracy. 

2.  Enter  these  values  on  the  worksheet,  the 
bottom  of  figure  1 0-28.  Then  use  the  top  of  this 
figure  with  your  predicted  values  to  obtain  the 
forecai>t.  A  necessary  assumption  for  use  of  this 
graph  is  that  the  wet-bulb  temperatures  at  these 
two  levels  can  be  predicted  with  reasonable 


accuracy.  Known  factors  affecting  the  wet-bulb 
temperature  at  any  particular  station  should  be 
carefully  considered  before  entering  the  graph. 
Some  of  the  known  factors  are  elevation,  prox- 
imity to  a  warm  body  of  water,  known  layers  of 
warm  air  above  or  below  850  mb,  etc.  Area  "A" 
on  the  graph  calls  for  a  rain  forecast,  area  ''B" 
for  a  freezing  rain  forecast,  and  area  *'C''  for  a 
snow  forecast.  Area  "D"  is  not  so  clear  cut, 
being  an  overlap  portion  of  the  graph;  however, 
wet  snow  or  rain  and  sriow  mixed  predominate 
in  this  area.  Sleet  occurring  by  itself  for  more 
than  I  or  2  hours  was  found  to  be  rare  and 
should  be  forecast  with  caution.  (See  figure 
10-28  for  sample  values  and  snow  forecast,) 

Forecasting  the  Area 
of  Maximum  Snow 

The  basic  intent  of  this  section  of  the  chapter 
is  the  prediction  of  the  area  of  maximum 
snowfall.  This  classification  does  not  include 
snowstorms  which  can  be  classified  as  air  mass, 
or  purely  local  type  storms  attributable  to 
features  of  the  terrain.  In  this  category  are  those 
severe  snowsto»*ms  which  occur  to  the  lee  of  the 
Great  Lakes  under  more  or  less  steady  west-to- 
north  flow  of  polar  air.  On  the  other  hand,  snow 
cases  occurring  in  connection  with  active  lows  or 
associated  with  areas  of  vertical  sheer  are  in- 
cluded. 

SYNOPTIC  TYPES.-Four  distinct  types  of 
synoptic  patterns  with  a  maximum  snow  area 
associated  with  it  are  discussed  below. 

BLIZZARD  TYPE.-The  synoptic  situation 
features  an  occluding  low  pressure  center.  In  the 
majority  of  cases  the  ''wrapped  around"  high 
pressure  and  ridges  are  present.  The  track  of  the 
low  is  north  of  40^  and  its  speed,  which  initially 
may  be  average  or  about  25  knots,  decreases 
into  the  slow  category  during  the  occluding 
process.  In  practically  all  cases  a  cold  closed  low 
at  500  mb  is  present  and  captures  the  surface 
low  in  24-36  hours. 

The  area  of  maximum  snowfall  lies  to  the  left 
of  the  track.  At  any  particular  synopitc  position, 
the  area  is  located  from  due  north  to  west  of  the 
low  center.  Within  this  maximum  area  the  rate 
of  snowfall  would  be  classified  moderate  (1/2  to 
1  inch  per  hour)  in  most  cases.  However,  when 
this  type  occurs  on  the  east  coast  with  its  large 
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Figure  10-27.-Graphs  for  computing  wet-bulb  temperatures.  (A)  Computation  of  1,000-mb  wet-bulb 
temperature;  (B)  computation  of  850  mb  wet-bulb  temperature. 
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AG. 602 

Figure  10-28. -Graph  (A)  and  worksheet  (B)  for  delineating  the  type  of  precipitation  using  the  Hilworth 
method.  (Point  A  is  intersection  of  forecast  values— snow  is  forecast.) 


temperature  contrast  and  high  moisture  avail- 
ability, the  heaviest  known  snowfalls  occur.  The 
western  edge  of  the  maximum  area  is  limited  by 
the  700-mb  trough  or  low  center,  and  the  end  of 
all  snow  occurs  with  the  passage  of  the  500-mb 
trough  or  low  center.  Therefore,  it  follows  that 
the  maximum  snow  area  diminishes  and  con- 
tracts during  the  capturing  process.  Often  a  new 
snow  area  forms  to  the  east  in  connection  with 
cyclogenesis  or  center  jump;  otherwise,  the  snow 
area,  now  confined  to  the  vicinity  of  the  surface 
low  and  considerably  diminished  in  intensity, 
moves  off  to  the  north  or  northeast. 

MAJOR  STORM  AND  NONOCCLUDING 
LOWS. -The  synoptic  situation  consists  of  a 
wave  type  low  of  the  nonoccluding  type.  In 
practically  all  cases,  the  ''wrapped  around''  high 
pressure  and  ridges  are  present.  The  track  of  the 


low  Ok  wave  is  east  of  40""  and  its  speed  is  at 
least  the  average  of  25  knots,  often  falling  into 
the  fast  moving  category.  The  upper  air  picture 
is  one  of  fast  moving  troughs,  generally  open, 
but  on  occasion  could  have  a  minor  closed 
center  for  one  or  two  maps  in  the  bottom  of  the 
trough. 

The  area  of  maximum  snowfall  lies  in  the  cold 
air  to  The  left  of  the  track  of  the  low  and  usually 
describes  a  narrow  belt  oriented  east-west  or 
northeast-southwest  about  100-200  miles  wide. 
At  any  particular  synoptic  position  the  area  is 
located  parallel  to  the  warm  front  and  north  of 
the  low  center.  Within  the  maximum  area,  the 
rate  of  snowfall  is  variable  from  one  case  to 
another,  depending  upon  available  moisture, 
amount  of  vertical  shear,  etc.  However,  it  is  not 
uncommon  for  heavy  snow  (1  inch  per  hour  or 
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Figure  10-28.-Graph  (A)  and  worksheet  (B)  for  delineating  the  type  of  precipitation  using  the  Hilworth 
method.  {Point  A  is  intersection  of  forecast  values-snow  is  forecast.)-Continued. 


greater)  tp  occur.  It  must  be  remembered  tl-Jt 
even  tlipugh  heavy  snpw  does  OLCur.  the  dura- 
tion is  short  by  the  very  nature  pf  the  stprm. 
This  means  that  a  station  wpuld  lie  in  the 
maximtun  snow  area  only  4  to  8  hours,  whereas 


in  the  case  of  the  blizzard  type,  it  usually 
remains  in  the  area  in  excess  of  10  hours. 

WARM  ADVIiCTION  TYPE.  This  type, 
which  occurred  only  a  few  times  in  the  initial 
study,  was  separated  from  the  other  types 
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because  of  the  absence  of  an  active  low  in  the 
vicinity  of  the  maximum  snow  area,  A  blocking 
high-pressure  ridge  or  wedge  is  present  ahead  of 
a  sharp  warm  front.  The  overrunning  warm  air  is 
a  steady  current  from  the  south  to  southwest. 
The  area  of  maximum  snowfall  is  a  narrow  band 
parallel  to  the  warm  ...it  and  moves  north  or 
northeast.  Only  under  the  most  ideal  conditions 
does  this  area  become  serious:  nearly  stationary 
front,  ample  supply  of  moisture,  and  persistent 
flow  aloft.  A  rate  of  fall  of  moderate  to  heavy 
for  a  6-  to  12-hour  duration  may  occur.  The 
usual  history  is  a  transition  to  freezing  rain,  then 
rain. 

POST-COLD  FRONTAL  TYPE.-^The  synop- 
tic situation  consists  of  a  sharp  cold  front 
oriented  nearly  north-south  in  a  deep  trough.  A 
minor  wave  may  form  on  the  front  and  travel 
rapidly  north  or  northeast  along  it.  Strong  cold 
advection  from  the  surface  to  850  mb  is  present 
west  of  the  front.  The  troughs  at  700  mb  and 
500  mb  are  sharp  and  displaced  to  west  of  the 
surface  trough  200-300  miles.  Ample  moisture  is 
available  at  850  mb  and  700  mb.  This  type  of 
heavy  snow  area  occurs  once  or  twice  a  season. 

The  area  of  maximum  snowfall  is  located 
between  the  850-mb  and  700-mb  troughs  where 
moisture  at  both  levels  is  available.  The  rate  of 
fall  is  moderate,  although  for  a  brief  period  of 
an  hour  or  less  it  may  be  heavy.  The  duration  is 
short,  of  the  order  2  to  4  hours  at  any  one 
station.  The  area  as  a  whole  generates  and  dies 
out  in  a  12-  to  18-hour  period.  The  normal 
history  is  one  of  a  general  area  of  light  snow 
within  the  first  200  miles  of  a  strong  push  of 
cold  air.  After  the  cold  air  moves  far  enough 
south  and  the  cold  front  becomes  oriented  more 
N-S  and  begins  moving  eastward  steadily,  the 
troughs  aloft  and  moisture  distribution  reach  an 
ideal  state  and  a  maximum  snow  area  appears. 
After  12-18  hours  the  advection  of  dry  air  at 
'^OO  mb  decreases  the  rate  or  fall  in  the  area,  and 
soon  thereafter  the  areas  as  a  whole  dies  out. 

LOCATING  AREA  OF  MAXIMUM  SNOW- 
FALL.-TEMPERATURE.  The  O^C  (-3^C  east 
coast)  isotherm  at  850  mb  is  used  as  the  basic 
defining  line  for  the  snow  area.  This  isotherm 
should  be  carefully  analyzed,  using  all  data  at 
850  mb.  It  should  then  be  checked  against  the 
surface  map,  keeping  in  mind  the  following 
points: 


1.  In  areas  of  precipitation,  stations  reporting 
snow  should  lie  on  the  cold  side  of  the  O^'C 
(-3°C  east  coast)  isotherm;  stations  reporting 
mixed  types  of  precipitation  (e.g.,  rain  and 
snow,  sleet  and  snow),  the  O^'C  isotherm  will  lie 
very  close  to  or  through  the  station. 

2.  In  areas  of  no  precipitation,  the  O^'C  (-3''C 
east  coast)  isotherm  will  roughly  parallel  the 
32''F  isotherm  at  the  surface.  In  cloudy  areas 
the  separation  will  be  small,  and  in  clear  areas 
the  separation  will  be  larger. 

At  the  850-mb  level  the  O^C  wet-bulb  tem- 
perature should  be  sketched  in,  particularly  in 
the  area  where  precipitation  may  be  anticipated 
within  the  next  12-24  hours.  This  line  vill  serve 
as  the  first  approximation  of  the  future  position 
of  the  0°C  isotherm. 

MOISTURE.  -At  the  850-mb  level  the  -5^C 
dewpoint  line,  and  at  700-mb  level,  the  -  10°C 
dewpoint  line  are  used  as  the  basic  defining 
lines.  The  area  at  850  mb  that  lies  within  the 
overlap  of  the  O^'C  isotherm  and  the  -5''C 
dewpoint  line  is  the  first  approximation  of  the 
maximum  snowfall  area.  All  stations  within  this 
area  have  temperatures  less  than  O^C  and  spreads 
of  5°C  or  less.  This  area  is  then  further  refined 
by  superimposing  the  sketched  -  lO^'C  dewpoint 
line  at  700  mb  upon  the  area.  Now  the  final  area 
is  defined  by  the  0°C  isotherm  and  the  over- 
lapped minimum  dewpoint  lines  from  both 
levels.  This  final  area  becomes  the  area  where 
moderate  or  heavy  snow  will  be  reported, 
depending  upon  the  particular  synoptic  situa- 
tion. (See  fig.  10-29.) 

MOVEMENT. -As  might  be  supposed,  the 
area  of  maximum  snowfall  is  in  motion  and 
must  be  forecast.  The  first  basic  rule  for  moving 
the  area  is  that  it  maintains  the  same  relative 
position  to  the  other  synoptic  features  of  the 
850-mb  level  and  surface  chart.  However,  in 
order  to  forecast  the  expansion  or  contraction 
of  the  area,  it  is  necessary  to  forecast  the  lines 
that  define  it.  The  O^'C  isotherm  should  be 
forecast  according  to  the  rules  set  forth  in  the 
section  treating  this  particular  phase,  the  mois- 
ture lines  may  be  advected  with  the  winds  as  set 
forth  previously  in  this  chapter.  The  O^'C  iso- 
therm should  also  be  moved  with  rules  stated 
previously  in  this  chapter. 

It  was  found  that  the  area  of  maximum 
snowfall  could  be  forecast  for  12  hours  with 
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Figure  10.29.-lllustration  of  the  location  of  the  maximum  snow  area.  The  low  center  moved  to  Iowa  in  24  hours  and 
the  maximum  snow  area  spread  northeast  along  the  area  50-75  miles  either  side  of  a  line  through  Minneapolis  to 
Houghton,  Michigan.  ^  • 


considerable  accuracy  and  for  24  hours  witli  fair 
accuracy,  provided  a  reasonable  amount  of  care 
was  exercised  according  to  rules  and  subjective 
ideas  mentioned  above. 

OUANTITATIVI:  PREDICTION.  The  Na- 
tional  Weather  Analysis  Center  currently  makes 
quantitative  precipitation  predictions  and  trans- 
mits them  on  the  National  Weather  Facsimile 
Network.  Details  on  this  procedure  may  be 
found  in  the  U.S.  Department  of  Commerce 
publication.  Synoptic  Meteorology  as  Practiced 
by  the  National  Meteorological  Center,  The 
NMC  Manual,  Part  II,  NW  50'IP-548,  latest 
revision.  These  predictions  are  based  on  vertical 
motion,  precipitable  water,  humidity,  and  stabil- 
ity. 

lor  local  forecasting  you  should  not  only 
consult  these  forecasts  but  make  your  own 


evaluation  as  well.  Factors  to  be  considered 
should  be  the  climatology  of  snow  for  your 
particular  area,  the  type  and  intensity  of  the 
storm  producing  the  precipitation,  its  speed  and 
duration  over  your  station,  and  the  relation  of 
your  station  to  the  area  of  maximum  snowfall. 
One  rule  of  thumb  which  has  been  in  use  for 
several  years  involves  the  use  of  the  am^^unt  of 
precipitable  water  from  values  found  on  the 
chart  transmitted  over  the  National  Weather 
h'acsimile  Network.  This  rule  uses  a  ratio  of  1 
inch  of  precipitation  equals  10  inches  of  snow. 
Therefore,  using  this  rule  of  thumb,  the  maxi- 
mum amount  of  snowfall  which  could  occur 
would  be  in  direct  ratio  to  the  amount  of 
precipitable  water  overlying  the  station.  How- 
ever, you  must  consider  moisture  advectionand 
changing  values.  For  example,  if  your  station 
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showed  1/2  ineh  of  precipitable  water  at  present 
with  no  signilieant  ehange  during  the  forecast 
period,  and  the  precipitation  forecast  was  snow. 
5  inches  of  snow  would  be  the  niaxinium  you 
would  expect.  This  rule  should  be  used  with 
caution  and  m  conjunction  with  all  other  avail- 
able information. 

APPLICATION  TO  LOCAL  AREA 

Figure  10-30  presents  a  composite  worksheet 
which  IS  a  suggested  format  for  correlating  the 
thermal  parameters  and  techniques  presented  in 
the  foregoing  section.  You  must  remember  that 
this  worksheet  is  based  on  the  assumption  that 
the  synoptic  type,  climatology,  and  other  indica- 
tions reveal  that  precipitation  will  occur  and 
that  there  is  a  likelihood  of  the  precipitation 
being  in  the  form  of  snow  or  some  other  frozen 
type^  Also,  all  of  the  values  used  in  these 
techniques  are  FORECAST  VALUES.  Local 
prediction.s,  facsimile  prognostic  charts,  and 
other  available  data  .should  be  utilized  to  deter- 
mine the  forecast  values  and  parameters  at  the 
time  of  the  ONSET  of  precipitation  at  your 
.station  or  locality.  The  example  given  is  a 
fictitious  station  and  merely  presents  an  illustra- 
tion of  the  proper  step-by-step  procedure  which 
can  be  u.sed  to  take  all  of  the  parameters  into 
consideration.  A  worksheet  of  this  type  could  be 
.prepared  for  your  local  station  using  the  opti- 
mum values. 

APPLICATION  TO  A  LARGE  AREA 

Freauently,  flight  operations  reach  into  an 
area  outside  the  local  sphere  of  intluence.  In 
these  ca.ses.  and  for  other  reasons,  it  may  be 
desirable  to  have  a  rough  delineation  of  the 
snow  and  rain  areas  on  the  synoptic  map.  For  a 
rough  approximation  of  the  snow-rain  dividing 
line  over  a  relatively  large  area,  the  following 
techniques  are  recommended: 

1.  On  the  thickness  chart  and  on  the  thick- 
ness prog,  draw  both  the  17,800-  and 
17,600-foot  (5.42S  and  5.365  meters)  thickness 
lines.  If  an  overlay  acetate  chart  is  available,  this 
can  be  placed  m  register  with  the  synoptic  chart 
to  determine  the  snow-rain  dividing  line.  In  the 
majority  of  cases  (over  the  eastern  part  of  the 
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United  States)  these  lines  will  divide  the  snow- 
rain  areas  as  follows:  rain  will  be  found  on  the 
higher  side  of  these  lines,  and  snow  or  some 
frozxMi  form  of  precipitation  on  the  lower  .side. 
Be  sure  to  keep  in  mind  the  rules  set  forth 
previou.sly  in  this  chapter.  (Also  use  the  Wagner 
equal  probability  chart.) 

2.  The  George  method  c;  n  also  be  utilized  as 
a  further  check.  This  method  was  outlined 
previously.  Use  the  32'' F  line  on  the  surface  and 
the  O^'C  line  on  the  850  nib  chart  to  divide  the 
areas  of  solid  and  liquid  precipitation.  In  some 
cases  the  use  of  the  -3''C  line  at  850  mb  is  more 
desirable. 

3.  For  determination  of  the  areas  of  maxi- 
mum snowfall,  u.se  the  methods  previously 
explained,  keeping  in  mind  tlic  synoptic  types. 

TEMPJ-RATURE 

Temperature  ranks  among  the  most  important 
foreca.st  elements.  Temperatures  are  not  only 
important  for  some  operational  procedures  but 
also  are  of  keen  interest  lo  all  of  us  in  everyday 
life. 

FACTORS  AFFECTING  TEMPERATURES 

In  forecasting  temperatures,  many  factors  are 
involved.  These  factors  include  air  mass  charac- 
teristics: frontal  positions,  characteristics,  and 
movement;  amount  and  type  of  cloudiness: 
sea.son:  nature  and  position  of  pressure  systems; 
and  local  conditions. 

Temperature,  being  subject  to  marked 
changes  from  day  to  night,  is  not  considered  a 
conservative  property  of  an  air  mass.  Too,  it 
does  not  always  have  a  uniform  lap.se  rate  from 
the  surface  up  through  the  atmosphere.  This 
means  that  the  surface  air  temperature  will  not 
be  representative  because  of  the  existence  of  an 
inversion,  a  condition  particularly  prevalent  at 
night.  Usually  the  noonday  surface  air  tempera- 
ture is  fairly  representative. 

Let  us  look  at  the  factors  which  cause 
temperature  variations:  Insolation  and  terrestrial 
radiation,  lapse  rate,  advection,  vertical  heal 
transport,  and  evaporation  and  condensation 

In  forecasting  temperature, consider  insolation 
and  terrestrial  radiation  as  two  very  important 
factors.  Low  latitudes,  for  instance,  receive  more 
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SNOff  VS  RAIN- 
WORK  SHEET 


Time     Qcioo  L 
Date  75^  VBC.  /^/'oV 

I.     Synoptic  Indications 


Precip.  Onset  Time  /S'OQ  L 
Forecast  Time   /VSO  L 


Type^^^^'  Rain 
Snow  to  Rain 


Snow 


X 


Thickness 
(me  tens) 


  Freeze  Rain 

(1)  1000-500  mb    ^,3^0A1        Probability  . 

5,370  (WAGNER) 
5,130  (NAWAC) 

(2)  1000-700  mb  _^  g/^A^  Prediction: 

2835  h  below  snow 
2835-2865  mixed 
2865  h.  above  rain 


Snow  75 

Rain   

Snow  y 
Mixed 


3.     Ililworth  Method 


Rain 


Frz. 


4.     850  mb.  predicted  tenperature  ^ 


i  n  s  n  ow  ^ 

Forecast  ^A^oK/ 
 (-3  or  below  optimum) 


5.     Predicted  Freezing  level  r'r    (optimum  below  1,200  ft) 

RAIN  FRZ. RAIN  MIXED 


^.     FORECAST:  SNOW 
1-  ^ 


3. 
4. 
5. 


X 


7.  Verification  ^^JOUJ   ^^f^/t/  /<rn/y/ ^    Ct)AJ7-yJVnrD   /r<}J^   yC^  ^7:><r 

8.  Remarks   ^a/^ji,^  ///y7/jzA  T/^aJ  S  


NWE:     All  above  are  forecast  values.     Remarks  should  include  such  notations 
as:     snow  beginning  at  15001,  changing  to  rain  at  1800    etc  Also 
other  comments  as  appropriate. 


Figure  10-30.-Samp!fe  composite  worksheet  for  the  snow  versus  rain  forecasting  problem. 
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heat  during  the  day  (haii  stations  at  high 
latitudes.  More  daytime  heat  tan  be  expected  in 
the  siininier  than  in  the  winter,  since  in  the 
summer  the  sun's  rays  are  more  direct  and  reach 
the  earth  tor  a  longer  period.  Normally,  there  is 
a  net  gain  of  heat  during  the  day  and  a  net  loss 
at  night.  Consequently,  the  maximum  tempera- 
ture is  usually  reached  during  the  day.  the 
niinmium.  at  night.  Cloudiness  will  alTect  insola- 
tion and  terrestrial  radiation.  Temperature  fore- 
casts must  be  made  only  after  the  amount  of 
cloudiness  expected  is  determined.  Clouds 
reduce  insolation  and  terrestrial  radiation, 
causing  daytime  temperature  readings  to  be 
relatively  lower  than  normally  expected  and 
nighttime  temperatures  to  be  relatively  higher. 
The  stability  of  the  lapse  rate  has  a  marked 
effect  on  insolation  and  terrestrial  radiation. 
With  a  stable  lapse  rate  there  is  le.ss  vertical 
extent  to  heat:  surface  heating  therefore  takes 
place  more  rapidly.  With  an  unstable  lapse  rate, 
the  opposite  is  true.  If  there  is  an  inversion, 
there  is  less  cooling,  since  the  surface  tempera- 
ture is  lower  than  that  of  the  inversion  layer: 
that  is,  at  some  point  the  energy  radiated  by  the 
surface  is  balanced  by  that  radiated  by  the 
inversion  layer. 

One  of  the  biggest  factors  affecting  tempera- 
ture is  the  advection  of  air.  Adveclion  is 
particularly  marked  in  its  effect  on  temperature 
with  frontal  passage.  If  a  frontal  passage  is 
expected  during  the  forecast  period,  the  tem- 
perature must  be  considered.  The  temperature 
gradient  with  an  air  mass  may  be  as  important  as 
frontal  pasbagc  in  forecasting.  Adveclion  within 
an  air  ma.ss  may  also  be  important.  This  is 
particularly  true  of  sea  ami  land  breezes  and 
mountain  breezes.  They  affect  the  maximum 
and  minimum  temperatures  and  their  time  of 
occurrence. 

Vertical  heal  transport  is  a  temperature  fac- 
tor. It  IS  considerably  affected  by  the  speed  of 
the  wind.  With  strong  wind  there  is  less  heating 
and  cooling  than  with  light  wind  or  a  calm  since 
the  heat  energy  gained  or  lost  is  distributed 
through  a  deeper  layer  when  the  turbulence  is 
greater. 

Evaporation  and  condensation  affect  the  tem- 
perature of  an  air  mass.  Wh.en  cool  rain  falls 
through  a  warmer  air  mass,  evaporation  takes 
place,  taking  heat  from  the  air.  This  often  occurs 
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to  affect  the  maximum  on  a  summer  day  on 
which  afternoon  thundershowers  occur.  The 
temperature  may  be  affected  at  the  surface  by 
condensation  to  a  small  extent  during  fog 
formation,  raising  the  temperature  a  degree  or  so 
because  of  giving  off  the  latent  heat  of  conden- 
sation to  the  air.  Refer  to  an  earlier  section  of 
this  chapter  for  a  more  detailed  discussion  on 
evaporation  and  condensation  effects  on  tem- 
perature. 

FORECASTING  MAXIMUM  TEMPERATURE 
BY  USE  OF  SKEW  T  LOG  P  DIAGRAM 

The  Skew  T  Log  P  diagram  may  be  used  to 
get  a  good  approximation  of  the  maximum 
temperature  by  plotting  the  most  recent  meteor- 
ological sounding  on  the  chart.  If  there  is  a 
surface  inversion  on  the  sounding,  the  approxi- 
mate maximum  temperature  may  be  found  on 
the  diagram  by  following  down  the  dry  adiabat 
from  the  top  of  the  inversion  to  the  surface. 
This  approximates  the  maximum  temperature, 
since  any  heating  beyond  this  point  will  be 
spread  through  a  large  vertical  section.  The  more 
the  lapse  rate  above  the  inversion  approximates 
the  dry  adiabat,  the  nearer  this  temperature  will 
approximate  the  maximum  temperature. 

Another  method  of  forecasting  the  maximum 
temperature  is  by  the  use  of  the  EQUAL  AREA 
method.  On  figure  10-31  if  ABC  represents  the 
sounding  at  the  time  of  the  minimum  tempera- 
ture on  the  first  day  and  A'B'C  represents  the 
sounding  at  the  time  of  the  maximum  tempera- 
ture, the  hatched  area  represents  the  energy 
added  by  heating  during  the  day.  If  the  air  mass, 
wind,  and  cloudiness  conditions  remain  the  same 
from  one  day  to  the  next,  the  same  amount  of 
insolation  should  be  received.  Consequently,  if 
the  sounding  at  the  time  of  the  minimum 
temperature  on  the  second  day  is  used  and  an 
energy  area  equal  to  that  of  the  previous  day  is 
added  to  it,  the  maximum  temperature  for  the 
day  should  be  indicated.  Normally,  the  actual 
meteorological  sounding  is  not  made  at  the  time 
of  the  maximum  or  minimum  temperature; 
therefore,  to  get  the  best  results,  the  actual 
sounding  should  be  modified  to  fit  the  maxi- 
mum or  minur.iim  temperature.  However,  use  of 
the   actual    morning  sounding  gives  a  fair 
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AG.606 

Figure  10-31,-Energy  area  for  forecasting 
maximum  temperature. 


approximation.  One  of  the  disadvantages  of  this 
method  is  that  it  gives  a  forecast  value  for  only 
one  day. 

FORECASTING  MINIMUM  TEMPERATURE 
BY  USE  OF  SKEW  T  DIAGRAM 

The  equal  area  method  of  forecasting  may 
also  be  employed  in  arriving  at  u  forecast  of  the 
minimum  temperature.  Instead  of  adding  the 
energy  area,  as  was  the  case  in  forecasting  the 
maximum  temperature,  the  energy  area  is  sub- 
tracted. The  energy  area  to  be' subtracted  is 
determined  by  plotting  the  morning  sounding 
and   then   plotting  the  afternoon  maximum, 
assuming  a  dr>'  adiabatic  lapse  rate  relative  to 
the  original  sounding.  Then  plot  the  next  morn- 
ing sounding.  The  energy  area  between  the 
modified  sounding  of  the  first  day  and  the 
morning  sounding  of  the  second  day  is  the 
energy  area  to  be  subtracted.  The  second  day 
maximum  is  plotted  on  the  same  chart  with  the 
morning  sounding,  thus  modifying  it  to  an 
afternoon  sounding.  Then  the  energy  area  is 
subtracted  from  this  modified  sounding  to  give 
the  forecast  minimum  temperature  for  the  third 
day.  Again,  this  method  has  the  disadvantage  of 
the  soundings  not  being  normally  made  at  the 
time  of  the  minimum  temperature.  Too,  the 
forecast  value  is  not  available  at  the  time  of  the 
morning  forecast,  since  it  cannot  be  made  until 
the  maximum  temperature  for  the  day  occurs. 


FORECASTING  SPECIAL  SITUATIONS 
Cold  Wave 

A  forecast  of  a  cold  wave  gives  warning  of  an 
impending  severe  change  to  much  colder  tem- 
peratures. In  the  United  States  it  is  defined  as  a 
net  temperature  drop  of  20''F  or  more  in  24 
hours  to  a  prescribed  minimum  that  varies  with 
geographical  location  and  time  of  the  year. 
Some  of  the  prerequisites  for  a  cold  wave  over 
the  United  States  are  continental  polar  air  with 
temperature  below  average  over  west  central 
Canada,  movement  of  a  low  eastward  from  the 
Continental  Divide  which  releases  the  cold  wave, 
and  large  pressure  tendencies  on  the  order  of  3 
to  4  nib  occurring  behind  the  cold  front.  Aloft, 
a   ridge  of  high  pressure  develops  over  the 
western  part  of  the  United  States  oi  just  off  the 
wert  coast,  as  a  short  wave  trough  moves  into  a 
long  wave  trough  over  the  central  part  of  the 
United  States  and  deepens.  An  increase  in 
intensity  of  the  southwesterly  flow  over  the 
eastern  Pacific  frequently  precedes  the  building 
of  the  ridge.  Frequently,  retrogression  of  the 
long  wave  takes  place.  In  any  case,  strong 
northerly  to  northwesterly  flow  is  established 
aloft  through  a  deep  layer  and  sets  the  cP  air  in 
motion  southward.  When  two  polar  outbreaks 
follow  each  other  the  second  outbreak  usually 
moves  faster  and  overspreads  the  Central  States. 
It  also  penetrates  farther  southward  than  the  first 
cold  wave.  In  such  cases,  the  resistance  of  the 
southerly  winds  ahead  of  the  second  front  is 
shallow.  At  middle  and  upper  levels,  winds 
remain  west  to  northwest,  and  the  long  wave 
trough  is  situated  near  80""  west. 

Most  cold  waves  do  not  persist.  Temperatures 
trend  upward  after  about  48  Iioud,.  Sometimes, 
however,  the  upper  ridge  over  the  western  part 
of  the  United  States  and  the  trough  over  the 
eastern  part  of  the  United  States  are  quasi- 
stationary,  and  a  large  supply  of  very  cold  air 
remains  in  Canada.  Then,  we  experience  succes- 
sive outbreaks  with  northwest  steering  that  hold 
temperatures  well  below  normal  for  as  long  as  2 
weeks. 

Heat  Waves 

In  summer,  heat  wave  forecasts  furnish  a 
warning  that  very  unpleasant  conditions  are 
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TEMPERATURE  (^F.) 


INSTRUCTIONS  FROM  THE  INTERSECTION  OF  THE  AIR  TEMPERATURE  AND  THE  WIND  SPEED 
FOlX^^^^  lines  to  the  bottom  and  READ  THE  WINDCHILL  TEMPERATURE. 


AG,757 


Figure  10'32.-Windchill  temperature  graph. 


impending.  The  definition  of  what  is  meant  by  a 
heat  wave  vanes  from  place  to  place.  For 
example,  in  the  Chicago  area  a  heat  wave  is  said 
to  exist  when  the  tempt-*r^iture  rises  above  90^ F 
on  3  successive  days.  In  addition,  there  are  many 
summer  days  which  do  not  quite  reach  this 
requirement,  but  are  highly  unpleasant  on  ac- 
count of  humidity. 

Heat  wjvcs  develop  over  the  midwestern  and 
eastern  part  of  the  United  States  when  a  long 
wave  trough  stagnates  over  the  Rockies  or  the 
Plains  Stares  and  a  long  wave  ridge  lies  over  or 
just  off  the  east  coast  The  belt  of  westerlies  are 
centered  far  north  in  Canada,  At  the  surface  we 
observe  a  skiggi.sh  and  poorly  organized  low- 
pressure  system  over  the  Great  Plains  or  Rocky 
Mountains.  Pressure  usually  is  above  normal  over 
the  South  Atlantic  and     -quently  the  Middle 
Atlantic  States.  An  exception  occurs  when  the 
amplitude  of  the  How  pattern  aloft  becomes 
very  great,  'fhen.  several  anticyclonic  centers 
develop  in  the  eastern  ridge,  both  at  upper  levels 
and  at  the  surface.  Frequently,  they  are  seen 
first  at  500  mb.  Between  these  meridionally 
arranged  highs  we  see  formation  of  easl-w^es^ 
shear  lines  situated  perhaps  along  latitudes  SR"" 
to  40^ N.  North  of  this  line  winds  blow  from  the 
northeast  and  brini;  cool  air  from  the  Hudson 


Bay  into  the  northern  part  of  the  United  States. 
A  general  heat  wave  continues  until  the  long 
wave  train  begins  to  move. 

TEMPERATURE-HUMIDITY  INDEX 

In  order  to  accurately  express  the  comfort  or 
discomfort  caused  by  the  air  at  various  tempera- 
tures It  is  necessary  to  take  into  account  the 
amount  of  moisture  present.  The  National 
Weather  Service  u,ses  the  Temperature-Humidity 
Index  to  relate  this. 

The  formula  for  computing  the  temperature- 
humidity  index  is  given  below; 

T.H.I,  =  0.4(lj  +t^.)  +  15 

where  tj  is  the  dry-bulb  temperature  and  t^.  is 
the  wet-lnilb  temperature.  Both  are  in  degrees 
Fahrenheit. 

I-or  example,  suppose  the  temperature^  is 
SS'^F  and  the  wet-buib  temperature  is  68"* F. 
Substituting  in  the  formuhK  we  have: 


T.H.I,  =  0.4(«5  +  68)  + 
T.H.I.  =  0.4(153)  +  15 
T.H.I.  =  76.2 


15 
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The  National  Woailicr  Service  uses  ihe  values 
as  follows:  With  a  T.H.I,  of  72.  conditions  are 
slightly  unconitbrtable:  with  a  T.H.I,  of  75 
cli.sconifori  becomes  more  acute  and  most 
people  would  be  using  air  conditioners  if 
available:  with  a  T.H.I,  of  7<)  and  above 
discomfort  is  general  and  air  condiiionina  i.s 
highly  desirable. 

WINDCHILL  TEMPERATURE 

Weather  office  personnel  will  frequently  be 
querried  concerning  windchill  temperature  by 


personnel  engaged  in  outside  tasks  such  as  tlight 
line  or  tlight  deck  operations.  The  windchill 
temperature  reflects  the  cooling  power  that  the 
wind  exerts  on  the  air  temperature. 

Utilizing  the  wind  speed  and  outside  air 
temperature  refer  to  figure  10-32  to  find  the 
windchill  temperature. 

From  this  temperature  supervisors  can  deter- 
mme  the  proper  type  clothing  to  be  worn  or  if 
tasks  can  actually  be  performed. 
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CHAPTER  11 


FORECASTJNG  THUNDERSTORMS,  FOG, 
TORNADOES,  ICING,  AND  CONTRAILS 


Forecasting  of  severe  weather  conditions  and 
providing  timely  warnings  for  safety  of  aircraft 
and  ship  operations,  as  will  as  personnel  safety, 
is  a  paramount  responsibility  of  the  senior 
Aerographefs  Mate. 

In  this  chapter  we  will  discuss  some  of  these 
phenomena  and  methods  that  may  be  utilized  to 
forecast  their  occurrence. 

THUNDERSTORMS 

The  thunderstorm  represents  one  of  the  most 
formidable  weather  hazards  in  temperate  and 
tropical  zones.  Though  the  effects  of  the  thun- 
derstorm tend  to  be  localized,  the  turbulence, 
high  winds,  heavy  rain,  and  occasionally,  hail 
accompanying  the  thunderstorm  are  a  definite 
threat  to  the  safety  of  flight  and  to  the  security 
of  naval  installations.  It  is  important  that  senior 
Aerographer's  Mates  be  acquainted  with  the 
structure  of  thunderstorms  and  the  types  of 
weather  associated  wiih  them,  as  \vell  as  being 
able  to  accurately  predict  their  formation  and 
movement. 

Thunderstorm  formation  and  movement  were 
extensively  covered  in  chaptef  7  of  AG  3  &  2; 
therefore  in  this  chapter  we  will  discuss,  in  more 
detail,  the  weather  phenomena  associated  with 
thunderstorms  and  various  forecasting  methods. 

THUNDERSTORM  TURBULENCE 
AND  WEATHER 

Thunderstorms  are  characterized  by  turbu- 
lence, moderate  to  extreme  updraft  and  down- 
drafts,  hail,  icing,  lightning,  precipitation,  and 


under  most  severe  conditions  (in  certain  areas), 
tornadoes. 

Turbulence  (Drafts  and  Gusts) 

Downdrafts  and  updrafts  are  vertical  currents 
of  air  which  are  continuous  over  many  thousand 
of  feet  of  altitude,  and  are  continuo^is  over 
horizontal  regions  as  large  as  a  thunderstorm. 
Their  speed  is  relatively  constant  as  contrasted 
to  gusts,  which  are  smaller-scale  discontinuities 
or  variations  in  the  windflow  pattern  extending 
over  short  vertical  and  horizontal  distances. 
Gusts  are  primarily  responsible  for  the  bumpi- 
ness  (turbulence)  usually  encountered  in  cumu- 
liform  clouds.  A  draft  may  be  considered  as  a 
river  flowing  at  a  fairly  constant  rate,  whereas  a 
gust  is  comparable  to  an  eddy  or  other  type  of 
random  motion  of  water  in  a  river. 

Studies  of  the  structure  of  the  thunderstorm 
cell  indicate  that  during  the  cumulus  stage  of 
development  the  updrafts  may  cover  a  hori- 
zontal area  as  large  as  4  miles  in  diameter.  In  the 
cumulus  stage  the  updraft  in  many  cells  extends 
from  below  the  cloud  base  to  the  cloud  top,  a 
height  greater  than  25,000  feet.  During  the 
mature  stage  the  updraft  disappears  from  the 
lowest  levels  of  the  cloud  although  it  continues 
in  upper  levels  where  it  may  exceed  a  height  of 
60,000  feet.  These  drafts  are  of  considerable 
hnportance  in  flying  because  of  the  change  in 
altitude  which  may  occur  when  an  aircraft  flies 
through  them. 

In  general,  it  has  been  found  that  the  maxi- 
mum number  of  high  velocity  gusts  are  found  at 
altitudes  of  5,000  to  10,000  feet  below  the  top 
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ot  the  thunderstomi  cloud,  while  the  least  severe 
turbulence  is  encountered,  on  the  average  near 
the  base  of  the  .storm.  This  turbulence  may  at 
times  al.so  be  classified  as  severe.  The  charac- 
teristic respon.se  of  an  aircraft  intercepting  a 
series  of  gusts  is  a  number  of  sharp  accelerations 
or  'bumps''  without  a  .systematic  change  in 
altitude.  The  degree  of  bumpine.ss  or  turbulence 
experienced  in  tlight  is  related  to  both  the 
number  of  such  abrupt  changes  encountered  in  a 
given  distance  and  the  strength  of  the  individual 
changes.  All  date  in  this  .section  are  based  on 
information  from  the  Tlumder.storm  (Voject  in 

Hail 

Hail  is  regarded  as  one  of  the  worst  hazards  of 
thunderstorm  Hying,  it  usually  occurs  during  the 
mature  stage  of  cells  having  an  updraft  of  more 
than  average  intensity,  and  is  found  with  the 
greatest  frequency  between  10.000-  and 
i5.000-rt  levels.  As  a  rule,  the  larger  the  storm 
ilie  more  likely  it  is  to  have  hail. 

Although  encounters  by  aircraft  with  large 
hail  are  not  too  common,  hail  rather  than 
one-half  or  three-fourths  inch  can  damage  an 
aircraft  m  a  very  few  seconds.  The  ueneral 
conclusion  regarding  hail  is  that  mo.sl  mid- 
latitude  stomis  contain  hail  .sometime  during 
their  life  cycle  with  most  hail  occurring  during 
the  mature  stage,  in  subtropical  and  tropical 
thunderstorms,  hail  .seldom  reaches  the  uround 
It  IS  generally  believed  that  these  thunderstorms 
contain  less  hail  aloft  than  do  mid-latitude 
storms. 

Rain 

Thunderstomis  contain  considerable  quanti- 
ties ot  moisture  which  may  or  may  not  be  falling 
to  the  ground  as  rain.  The.se  water  droplets  may 
be  suspended  in.  or  moving  with,  the  ii,rtdrafts. 
Rain  is  encountered  below  the  freezing  level  in 
almost  all  penetrations  of  fully  developed  thun- 
derstorms. Above  the  freezing  level,  however 
there  is  a  sharp  decline  in  the  frequency  of  rain' 

There  seems  to  be  a  definite  correlation 
between  turbulence  and  precipitation.  The  in- 
tensity of  turbulence,  in  most  ca.ses.  varies 
directly  with  the  intensity  of  precipitation.  This 


relationship  indicates  that  most  rain  and  snow  in 
thunderstorms  is  held  aloft  by  iipdrafts. 

Icing 

Where  the  free-air  temperatures  are  at  or 
below  freezing,  icing  should  be  expected  in 
nights  through  thunderstorms.  In  general,  icing 
isas.sociated  with  temperatures  from  0°  to  -20°C. 
Most  severe  icing  occurs  from  0°C  to  -IO°C 
The  heaviest  icing  conditions  usually  occur  in 
that  region  above  the  freezing  level  where  the 
cloud   droplets  have  not  yet  turned   to  ice 
crystals.  When  the  thunderstorm  is  in  the  cumu- 
lus stage  .severe  icing  may  occur  at  any  point 
above  the  freezing  level.  However,  because  of 
the  formation  of  ice  crystals  at  high  levels  and 
the  removal  of  liquid  water  by  precipitation 
icing  conditions  are  usually  somewhat  le.ss  in  the 
mature  and  di.ssipating  stage. 

THUNDERSTORM  ELECTRICITY 
AND  LIGHTNING 

The  thunderstorm  changes  the  normal  electric 
field,  m  which  the  earth  is  negative  with  respect 
to  the  air  above  it.  by  making  the  upper  portion 
of  the  thunderstorm  cloud  po.sitive  and  the 
lower  part  negative.  This  negative  charge  then 
induces  a  positive  charge  on  the  ground  T'-.e 
distribution  of  the  electric  charges  in  a  typical 
thunderstorm   is  shown  in  figure   ll-l.  The 
lightning  first  occurs  between  the  upper  positive 
charge  area  and  the  negative  charge  area  immedi- 
ately below  it.  Lightning  discharges  are  coasid- 
ered   to  occur  most  frequently  in  the  area 
bracketed  roughly  by  the  32°F  and  the  I5°F 
temperature  levels.  However,  this  does  not  mean 
that  all  discharges  are  confined  to  this  region 
for  as  the  thunderstorm  develops,  lightning 
dischaiges  may  occur  in  other  areas,  and  from 
cloud  to  cloud,  as  well  a.s  cloud  to  ground. 
Lightning  can  do  considerable  damage  to  air- 
craft, especially  to  radio  equipment. 

THUNDERSTORMS  IN  RELATION  TO 
ENVIRONMENTAL  WIND  FIELD 

During  all  stages  of  a  cell,  air  is  being  brought 
into  the  cloud  through  the  .sides  of  the  cloud. 
Tins  process  is  known  as  entrainment.  A  cell 
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Figure  1M.-Location  of  electric  charges  inside  a  typical  thunderstorm  cell. 


entrains  environmental  air  at  a  rate  of  100 
percent  per  500  mb,  that  is  it  doubles  its  mass  in 
an  ascent  of  500  mb.  The  factor  of  entrainment 
is  important  in  establishing  a  lapse  rate  within 
the  cloud  which  is  greater  than  the  moist  adiabat 
and  in  maintaining  the  downdraft. 

When  there  is  a  marked  increase  with  height 
m  the  horizontal  wind  speed,  the  mature  stage 
of  the  cell  may  be  prolonged.  In  addition,  the 
increasing  speed  of  the  wind  with  height  pro- 
duces considerable  tilt  to  the  updraft  of  the  cell, 
and  in  fact,  to  the  visible  cloud  itself.  Thus,  the 
falling  precipitation  passes  through  only  a  small 
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section  of  the  rising  air,  it  falls  thereafter 
through  the  relatively  still  air  next  to  the 
updraft,  perhaps  even  outside  the  cell  boundary. 
Therefore,  since  the  drag  of  the  falling  water  is 
not  imposed  on  the  rising  air  currents  within  the 
thunderstorm  cell,  the  updraft  can  continue 
until  its  source  of  energy  is  exhausted.  Tilting  of 
the  thunderstorm  explains  why  hail  is  sometimes 
encountered  in  a  cloudless  area  just  ahead  of  the 
storm. 

RADAR  DETECTION 

Radar,  either  surface  or  airborne,  is  the  best 
aid  in  detecting  thunderstorms,  charting  their 
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movement,  or  selecting  ;in  area  for  feasible 
penetration.  A  tluinderstorm's  size,  direction  of 
movement,  shape  and  height,  as  well  as  other 
significant  features,  can  be  determined  from  a 
radar  presentation.  Radanscope  interpretation  is 
discussed  in  chapter  16  of  this  training  manual. 

THUNDERSTORM  FLIGHT  HAZARDS 

Thunderstorms  are  virtually  weather  factories 
m  that  the  pilot  flying  into  one  can  expect  to 
encounter  great  variations  in  the  weather;  some 
of  them  hazardous.  Thunderstorms  are  often 
accompanied  by  extreme  fluctuations  in  ceiling 
and  visibility.  Every  thunderstorm  has  turbu- 
lence, sustained  updrafts  and  downdrafts.  pre- 
cipitation, and  lightning.  Icing  conditions, 
though  quite  localized,  are  quite  common  in 
thunderstorms,  and  many  contain  hail.  The 
flight  conditions  listed  below  are  generally  repre- 
sentative of  many  (but  not  necessarily  all) 
thunderstorms. 

I.  The  chance  of  severe  or  extreme  turbu- 
lence within  thunderstorms  is  greatest  at  higher 
altitudes,  with  most  cases  of  severe  and  extreme 
turbulence  about  8.000  to  15,000  feet  above 
terrain.  The  least  turbulence  may  be  expected 
when  nying  at  or  just  below  the  base  of  the 
mam  thunderstorm  cloud.  (The  latter  rule  would 
not.be  true  over  rough  terrain  or  in  mountainous 
areas  where  strong  eddy  currents  produced  by 
strong  surface  winds  would  extend  the  turbu- 
lence up  to  a  higher  level.) 

2.  The  heaviest  turbulence  is  closely  asso- 
ciated with  the  areas  of  heaviest  rain. 

3.  The  strongest  updrafts  are  found  at  heights 
of  about  10,000  feet  or  more  above  the  terrain- 
in  extreme  cases,  updrafts  in  excess  of  65  feet 
per  second  occur.  Downdrafts  are  less  severe 
but  downdrafts  on  the  order  of  20  feet  per 

.  second  are  quite  common. 

4.  The  probability  of  lightning  strikes  occur- 
ring IS  greatest  near  or  slightly  above  the  freezing 
level. 

Because  of  the  potential  hazards  of  thunder- 
storm flying,  it  is  obviously  nothing  short  of 
folly  for  pilots  to  attempt  to  fly  in  thunder- 
storms, unless  operationally  necessary. 


THUNDERSTORM  SURFACE  PHENOMENA 

The  rapid  change  in  wind  direction  and  speed 
unmediately  prior  to  a  thunderstorm  passage  is  a 
significant  surface  hazard  associated  with  thun- 
derstorm activity.  The  strong  winds  which  ac- 
company thunderstorm  passages  are  the  result  of 
the  horizontal  spreading  out  of  downdraft  cur- 
rents from  within  the  storm  as  they  approach 
the  .surface  of  the  earth. 

Figure  11-2  shows  the  nature  of  the  wind 
outflow  and  indicates  how  it  is  formed  from  the 
settling  dome  of  cold  air  which  accompanies  the 
rain  core  during  the  mature  stage  of  the  thun- 
derstorm. The  arrival  of  this  outflow  results  in  a 
radical  and  abrupt  change  in  the  wind  speed  and 
direction.  It  is  an  important  consideration  in  the 
landing  and  taking  off  of  aircraft  in  advance  of 
the  arrival  of  a  thunderstorm. 
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Figure  11-2.-Cold  dome  of  air  beneath  a  thunderstorm 
cell  in  the  mature  stage.  Arrows  represent  deviation 
of  windflow.  Dashed  lines  indicate  rainfall. 

Wind  .speeds  at  the  leading  edge  of  the 
tlumderstorm  are  ordinarily  far  greater  than 
those  at  the  trailing  edge.  The  initial  wind  surge 
observed  at  the  surface  is  known  as  the  first 
gust.  The  speed  of  the  first  gust  is  normally  the 
highest  recorded  during  the  storm  pas.sage  and 
may  vary  as  much  as  180  degrees  in  direction 
from  the  surface  wind  direction  which  previ- 
ously existed.  The  ma.ss  of  cooled  air  spreads  out 
from  downdrafts  of  neighboring  thunderstorms 
(especially  in  squall  lines)  and  often  becomes 
organized  into  a  small,  high -pressure  area  called 
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a  bubble-high  or  meso-high,  which  persists  for 
some  time  as  an  entity  that  can  sometimes  be 
seen  on  the  surface  map.  These  highs  may  be  a 
mechanism  for  controlHng  the  direction  in 
which  new  cells  form. 

The  speed  of  the  thunderstorm  wind  depends 
upon  a  number  of  factors,  but  local  surface 
winds  reaching  up  to  50  to  75  miles  per  hour  for 
a  short  time  are  not  uncommon.  Because  it  can 
extend  for  several  miles  in  advance  of  the 
thunderstorm  itself,  the  thunderstorm  wind  is  a 
highly  important  consideration  for  pilots  pre- 
paring to  land  or  take  off  in  advance  of  a  storm's 
arrival.  Also,  many  thunderstorm  winds  are 
strong  enough  to  do  considerable  structural 
damage  and  capable  of  overturning  or  otherwise 
damaging  even  medium  sized  aircraft  that  are 
parked  and  are  not  adequately  secured. 

The  outfiow  of  air  ahead  of  the  thunderstorm 
sets  up  considerable  low  level  turbulence.  Over 
relatively  even  ground,  most  of  the  important 
turbulence  associated  with  the  outrush  of  air  is 
within  a  few  hundred  feet  of  the  ground,  but  it 
extends  to  progressively  higher  levels  as  the 
roughness  of  the  terrain  increases. 

THUNDERSTORM  ALTIMETRY 

During  the  passage  of  a  thunderstorm,  rapid 
and  marked  surface  pressure  variations  generally 
occur.  These  variations  usually  occur  in  a  partic- 
ular sequence  characterized  by  the  following. 

1.  An  abrupt  fall  in  pressure  as  the  storm 
approaciies. 

2.  A.n  abrupt  rise  m  pressure  associated  with 
rain  showers  as  the  storm  moves  overhead  (often 
associated  with  the  first  gust). 

3.  A  gradual  return  to  normal  pressure  as  the 
storm  moves  on  and  the  rain  ceases. 

Such  pressure  changes  may  result  in  signifi- 
cant altitude  errors  on  landing. 

Of  greater  concern  to  the  pilot  are  pressure 
readings  which  are  too  high.  If  a  pilot  used  an 
altimeter  setting  given  to  him  d  !ng  the  maxi- 
mum pressure  and  then  landed  a»  the  pressure 
had  fallen,  he  would  have  »d  that  his 
altimeter  still  read  60  feet  or  h.  above  the 
true  altitude  after  he  was  on  the  ground. 

Here  is  where  you,  as  a  section  leader,  or 
office  supervisor,  can  make  certain  that  timely 


and  accurate  altimeter  settings  are  furnished  to 
the  tower  for  transmission  to  pilots  during 
thunderstorm  conditions.  If  the  data  are  old  and 
inaccurate  a  crash  could  result. 

THUNDERSTORM  FORECASTING 

The  standard  method  of  forecasting  air  mass 
thunderstorms  has  long.consisted  primarily  of  an 
analysis  of  radiosonde  data  with  particular  em- 
phasis on  the  so-called  positive  areas,  in  which 
the  temperature  of  a  lifted  parcel  exceeds  the 
temperature  of  its  surroundings  and,  hence, 
being  less  dense,  must  rise,  as  a  cork  in  water. 

Experienced  forecasters  are  aware  that  this 
method,  though  basic,  is  also  crude  and  at  times 
wholly  inaccurate.  Many  times  conditions  are 
favorable  for  thunderstorm  development  with  a 
large  positive  energy  area  showing  up  on  the 
sounding,  with  no  ensuing  thunderstorm  activity 
whatever.  At  other  times  thunderstorms  occur 
when  they  should  not  and  where  they  should 
not  be.  Clearly,  factors  other  than  the  one  of 
instability  are  important,  and  at  times  of  over- 
riding importance. 

During  recent  years  forecasters  have  come  to 
recognize  this  need  for  better  forecasting  meth- 
ods. A  number  of  methods  have  been  developed, 
but  many  of  these  are  too  complicated  or 
detailed  to  include  in  this  training  course. 
Covered  in  this  section  are  the  forecasting  of 
convective  clouds  by.  the  parcel  method,  with 
conditions  necessary  fc.  thunderstorm  develop- 
ment; the  development  of  thunderstorms  by 
mechanical  lifting  (orographic  or  frontal);  a  brief 
discussion  of  the  importance  of  the  slice 
method;  and  a  method  for  the  prediction  of 
these  storms  which  enables  the  average  fore- 
caster to  arrive  at  a  fairly  accurate,  reasonably 
objective  forecast  of  these  storms.  Credit  is  given 
to  the  Academic  Press  for  permission  to  use  this 
method  from  Weather  Forecasting  for  Aero- 
nautics, by  J.  J,  George  and  Associates,  Aca- 
demic Press,  1960. 

For  a  more  detailed  discussion  of  the  deter- 
mination of  instability,  stability,  the  convective 
condensation  level  (CCL),  the  level  of  free 
convection  (LFC),  the  lifting  condensation  level 
(LCD,  and  the  slice  method,  refer  to  chapter  3 
of  this  training  manual. 
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THE  PARCEL  METHOD 

Nearly  all  of  the  procedures  routinely  used  to 
evaluate  and  analyze  the  stability  of  the  atmos- 
phere are  manipulations  of  the  parcel  method. 
The  temperature  of  a  minute  parcel  of  air  is 
assumed  to  change  acliabatically  as  the  parcel  is 
displaced  a  small  distance  vertically  from  its 
original  position.  If,  after  vertical  displacement, 
the  parcel  has  a  higher  vitural  temperature  than 
the  surrounding  atmosphere,  the  parcel  is  sub- 
jected to  a  positive  buoyancy  force  and  will  be 
further  accelerated  upwards:  conversely,  if  its 
virtual  temperature  has  become  lower  than  that 
of  the  .surrounding  air,  the  parcel  will  bedeaser 
than  its  environment,  thus  subjected  to  a  nega- 
tive buoyancy  force,  is  retarded,  and  eventually 
returns  to  its  initial  or  equilibrium  position. 

Formation  of  Clouds  by 
Heating  From  Below 

The  first  step  is  to  determine  the  convection 
temperature  or  the  surface  temperature  that 
must  be  reached  to  start  the  formation  of 
convection  clouds  by  solar  heating  of  the  surface 
air  layer.  The  procedure  is  to  first  determine  the 
CCL  on  the  plotted  sounding  and,  from  the  CCL 
point  on  the  T  curve  of  the  ,sounding,  proceed 
downward  along  the  dry  adiabat  to  the  surface- 
pressure  i,sobar.  The  temperature  read  at  this 
intersection  is  the  convection  temperature. 

Figure  11-3  shows  an  illustration  of  fore- 
casting  afternoon  convectivc  cloudiness  from  a 
plotted  sounding.  The  dewpoint  curve  was  not 
plotted  to  avoid  confusion.  The  dashed  line  with 
arrowheads  indicates  the  path  the  parcel  of  air 
would  follcw  under  these  conditions.  You  can 
see  that  the  sounding  was  modilled  at  various 
times  during  the  day. 

To  determine  the  possibility  of  thunderstorms 
by  the  use  of  this  method  and  from  an  analysis 
of  the  sounding,  the  following  conditions  must 
exist: 

1 .  Sufficient  heating  must  occur. 

2.  The  positive  area  must  exceed  the  negative 
area.  The  greater  the  excess,  the  greater  the 
pcssibility  of  thunderstorms. 

3.  The  parcel  must  rise  to  the  ice  crystal 
level.  Generally,  this  level  ,should  be  -  lO^^C  and 
below. 


4.  There  must  be  sufficient  moisture  in  the 
lower  troposphere.  This  has  been  found  to  be 
the  most  important  single  factor  in  thun- 
derstorm formation. 

5.  Climatic  and  seasonal  conditions  should  be 
favorable. 

6.  Weak  inversions  (or  none  at  all)  should  be 
present  in  the  lower  levels. 

7.  An  approximate  height  of  the  cloud  top 
may  be  determined  by  assuming  that  the  top  of 
the  cloud  will  extend  beyond  the  top  of  the 
positive  area  by  a  distance  equal  to  one-third  of 
the  height  of  the  positive  area. 

Formation  of  Clouds  by 
Mechanical  LJting 

When  using  this  method,  it  is  assumed  that 
the  type  lifting  will  be  either  orographic  or 
trontal.  Here  we  are  working  with  the  LCL  and 
the  LFC. 

The  LCL  is  the  height  at  whicli  a  parcel  of  air 
becomes  saturated  when  it  is  lifted  dry  adiabati- 
cally.  The  LCL  for  a  surface  parcel  is  always 
found  at  or  below  the  CCL.  The  LFC  is  the 
height  at  which  parcel  of  air  lifted  dry  adiabati- 
cally  until  saturated  and  saturation  adiabatically 
thereaftc  would  llrst  become  warmer  than  the 
surrounding  air.  The  parcel  will  then  continue  to 
rise  freely  above  this  level  un:il  it  becomes 
colder  than  the  surrounding  air. 

Figure  11-4  shows  the  formation  of  clouds 
due  to  mechanical  lifting.  This  figure  shows  the 
formation  of  a  stratified  layer  of  clouds  above 
the  LCL  to  the  LFC.  At  the  LFC  and  above,  the 
clouds  would  be  turbulent.  The  tops  of  the 
clouds  extend  beyond  the  top  of  the  positive 
area  due  to  overshooting  just  as  in  the  case  of 
clouds  formed  due  to  heating. 

To  determine  the  possibility  of  thunderstorms 
from  this  method,  the  following  conditions 
should  be  met: 

1.  The  positive  area  must  exceed  the  negative 
area;  the  greater  the  excess,  the  greater  the 
possibility  of  thunderstorms. 

2.  There  must  be  .sufficient  lifting  to  lift  the 
parcel  to  the  LFC.  The  frontal  slope  or  the 
Orographic  barriers  can  be  used  to  determine 
how  much  lifting  can  be  expected. 

3.  The  parcel  must  reach  the  ice  crystal  level. 
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Figure  11-3.-Forecasting  afternoon  convective  cloudiness. 


4.  Even  though  the  positive  area  does  not 
exceed  the  negative  area,  cloudiness  occurs  after 
the  parcel  passes  the  LCL  and  precipitation  may 
occur  after  the  parcel  passes  the  ice  crystal  level. 

One  main  advantage  of  this  method  is  that  it 
can  be  done  quickly  and  with  relative  ease.  A 
major  disadvantage  is  that  it  assumes  that  the 
parcel  does  not  change  its  environment  and  that 


it  overestimates  or  underestimates  the  stability 
and  instability  conditions. 

INSTABILITY  INDICATIONS  FROM 
THE  WET-BULB  CURVE 

A  layer  of  the  atmosphere  is  potentially 
unstable  if  the  potential  wet-bulb  temperature 
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Figure  11-4.-Formation  of  clouds  due  to  mechanical  lifting. 
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decreases  with  altitude.  Potential  instabiHty 
refers  to  a  layer  that  is  hfted  as  a  whole.  Some 
meteorologists  use  the  term  '*convective"  vice 
"potential,"  however,  potential  causes  less  con- 
figuration regardmg  the  lifting  process  involved. 
The  wet-bulb  temperature  may  be  found  by 
lifting  each  individual  point  on  the  sounding  dry 
adiabatically  to  saturation  and  then  back  to  its 
original  level  moist  adiabatically.  By  connecting 
the  points  on  a  sounding,  a  wet-bulb  curve  can 
be  constructed. 

if  the  wet-bulb  curve  slopes  to  the  right  with 
increasing  altitude,  the  potential  wet-bulb  tem- 
perature increases  with  height  and  the  layer  is 
potentially  stable.  If  it  slopes  to  the  left  with 
increasing  height,  more  than  the  saturation 
adiabats,  the  layer  is  potentially  unstable.  If 
none  of  the  potential  curves  intersect  the  sound- 
ing, thunderstorms  are  not  likely  to  occur. 

BAILEY  GRAPH  METHOD 

Credit  is  given  to  the  Academic  Press,  New 
York  City,  for  permission  to  use  this  method 
from  Weather  Forecasting  for  Aeronautics,  by  J. 
J.  George  and  Associates.  It  is  mainly  for  use  in 
the  Eastern  United  States. 

The  Bailey  Graph  method  is  a  reasonably 
simple  method  for  forecasting  air  mass  thunder- 
storms, but  does  not  require  prediction  of  short 
range  change  in  the  vertical  distribution  of 
temperature  and  moisture.  This  method  is  best 
used  with  the  1200Z  sounding. 

The  first  step  is  to  eliminate  those  areas 
whose  soundings  disclosed  moisture  inade- 
quacies. This  is  done  by  means  of  the  following 
six  steps: 

1.  Dewpoint  depression  13°C  or  more  at  any 
level  from  850  through  700  mb. 

2.  Dewpoint  depression  sum  of  28°  or  more 
at  700-  and  600-mb  levels. 

3.  Dry  or  cool  advection  at  low  levels. 

4.  Surface  dewpoint  60° F  or  less  at  0730 
local  with  no  substantial  increase  expected 
before  early  afternoon. 

5.  Lapse  rate  21°C  or  less  from  850  to 
500  mb. 

6.  A  freezing  level  below  12,000  feet  in 
unstable  cyclonic  fiow  produces  only  light 
showers. 


The  two  parameters  used  in  making  the 
forecast,  after  eliminating  all  soundings  meeting 
one  or  more  of  the  above  six  condition^,  were 
simply  (1)  the  lapse  rate  between  850  and  500 
mb  (the  difference  in  temperature  between  these 
two  levels  for  example,  if  the  temperature  at 
850  mb  was  15°C  and  at  500  mb  it  was-10°C, 
the  difference  would  equal  25 °C);  and  (2)  the 
sum  of  the  dewpoint  dppression?^  at  700  and  600 
mb  in  degrees  C.  These  two  figures  are  used  as 
arguments  for  the  graph  in  figure  1 1-5. 
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Figure  11-5.— Local  area  thunderstorm  graph.  Area  "A" 
is  isolated  thunderstorms,  with  a  12  to  1  chance  of  at 
least  one  rain  gage  in  dense  network  receiving  rain. 
Area  "B"  is  scattered  thunderstorms,  with  a  4  to  1 
chance  of  reported  rain.  Area  "C"  is  no  rain. 

One  further  condition  for  the  development  of 
thunderstorms  was  found  to  be  the  absence  of 
large  anticyclonic  wind  shear  which  is  measured 
at  850  mb.  This  condition  is  that  no  horizontal 
shear  at  this  level  may  exceed  20  knots  in  250 
miles  measured  toward  low  pressure  from  the 
sounding  station.  Figure  1  1-6  illustrates  how  this 
measurement  is  made. 

STABILITY  INDEXES  AS  AN 
INDICATION  OF  INSTABILITY 

The  overall  stability  or  instability  of  a  sound- 
ing is  sometimes  conveniently  expressed  in  the 
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Figure  11*6.— Example  of  anticycloriic  shear  and  curvature  at  8F0  mb  preventing  thunderstorms, 
with  otherwise  favorable  air  mass  conditions  present  in  the  Little  Rock  area. 


torm  of  a  single  niinicr..al  value  called  the 
stability  index,  Sucli  indexes  have  been  intro- 
duced mainly  as  aids  in  connection  with  partic- 
ular forecasting  techniques  or  studies.  Most  of 
the  indexes  take  Ihe  form  of  a  difference  in 
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temperature,  dewpoint,  wet-bulb  tempernturc, 
or  potential  temperature  in  height  or  pressure 
between  two  arbitrarily  chosep  surfaces.  These 
indexes  are  generally  useful  only  when  com- 
bined, cithci  objectively  or  subjectively,  with 
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other  data  and  synoptic  considerations.  Used 
alone,  they  are  less  valuable  than  when  plotted 
on  stability  index  charts  and  analyzed  tor  large 
areas.  In  this  re.spect  they  have  the  value  of 
alerting  the  Iba^caster  to  those  soundings, 
routes,  or  areas  which  should  be  more  closely 
examined  by  other  procedures. 

There  are  a  number  of  methods  that  may  be 
utilized  for  determining  stability  or  instability, 
cinong  these  are  the  Showalter  Index  (SI),  the 
Lifted  Index  (LI),  the  Fawbush-Miller  Stability 
Index  (FMI).  and  the  Martin  Index  (MI). 

The  National  Weather  Service  currently  em- 
ploys the  Lifted  Index  method  for  producing 
their  facsimile  products.  All  current  methods  are 
discussed  in  detail  in  NAVAIR  50-1 P-5,  Use  of 
the  Skew  T.  Log  P  Diagram  in  Analysis  and 
Forecasting,  however,  in  this  manual  we  will 
discuss  the  Showalter  Index  method  onlv. 

Showalter  Index  (SI) 

This  is  the  most  widely  used  of  the  various 
types  of  indexes. 

The  procedure  for  computing  the  Showalter 
Stability  Index  is  explained  in  the  following 
section  from  the  illustration  in  figure  1 1-7. 

Step  1.  From  the  850-mb  temperature  (T). 
draw  a  line  parallel  to  the  dry  adiabat  upward 
until  it  intersects  the  saturation  mixing  ratio  line 
for  the  dewpoint  temperature  at  850  mb.  This  is 
called  the  LCL  on  this  diagram.  A  mountain 
station  v/ould  have  to  use  some  higher  level. 

Step  2.  Froi  the  LCL,  draw  a  line  parallel 
to  the  saturation  adiabat  upward  to  500  mb.  Let 
the  temperature  at  this  intersection  point  at  500 
nib  be  called  T'. 

Step  3.  Algebraically,  subtract  T'  from  the 
500-mb  temperature.  The  value  of  the  re- 
mainder, including  its  algebraic  sign,  is  the  value 
of  the  Showalter  Index.  In  figure  1 1-7,  T'  = 
-25*'C  and  T  =  22''C.  the  Showalter  Index  is 
therefore  +3°.  This  index  is  po.silive  when  T'  lies 
to  the  left  of  the  T  curve.  Positive  index  values 
imply  greater  stability  of  the  sounding. 

For  forecasting  purposes  in  the  United  States, 
the  significance  of  the  index  values  to  fore- 
casting is  as  follows: 

1 .  When  the  index  is  +3°  or  less,  showers  are 
probable  and  some  thunderstorms  may  be  ex- 
pected in  the  area. 


2.  The  chance  of  thunderstorms  increase.*; 
rapidly  for  index  values  in  the  range  of  +1^  to 

3.  Index  values  of  -3^  or  less  are  associated 
with  .severe  thunderstorms. 

4.  When  the  value  of  the  index  is  belt  :i  -6^ . 
the  forecaster  should  consider  the  po.ssibility  of 
tornado  occurrence.  However,  the  forecasting 
value  of  all  index  categories  must,  in  each  case, 
be  evaluated  in  the  light  of  the  moisture  content 
of  the  air  and  of  other  .synoptic  conditions. 

FORECASTING  MOVEMENT 
OF  THUNDERSTORMS 

Radar  can  be  an  invaluable  aid  in  determining 
the  speed  and  the  direction  of  movement  of  the 
thunderstorm.  Sometimes  it  is  desirable  and 
necessary  to  estimate  the  movement  from  winds 
aloft.  There  is  no  completely  reliable  relation- 
.ship  between  speed  of  the  winds  or  direction  of 
the  winds  alofi  in  forecasting  thunderstorm 
movement.  However,  one  study  reveals  that 
there  is  a  marked  tendency  for  large  convective 
rainstorms  to  move  to  the  right  of  the  wind 
direction  in  the  mean  cloud  layer  from  850  to 
500  mb  (or  the  700-mb  wind)  with  a  .systematic 
deviation  of  about  25  degrees  to  the  right  of  the 
flow.  There  appears  to  be  little  correlation 
between  wind  speed  and  speed  of  movement  at 
any  level,  although  the  same  study  mentioned 
above  revealed  that  82  percent  of  the  storms 
move  within  plus  or  minus  10  knots  of  a  mean 
speed  of  32  knots 

FORECASTING  MAXIMUM  GUSTS  WITH 
NONFRONTAL  THUNDERSTOKMS 

It  should  be  remembered  that  maximum  gusts 
associated  with  thunderstorms  occur  over  a  very 
small  poilion  of  the  area  in  which  the  thunder- 
storm exists  and  usually  occur  immedintely  prior 
to  the  storm's  passage.  Nevertheless,  ihe  pos.sibil- 
ity  of  damage  to  aircraft  and  installations  on  the 
surface  is  so  great  every  available  means 
should  be  used  to  mv<ke  the  best  and  most 
accurate  forecast  po.ssible  to  forewarn  the  agen- 
cies concerned. 

Lstimation  of  Gusts  From  Climatology 
and  Storm  Intensity 

The  Aerographer's  Mate  is  aware  that  the 
season  of  the  year  and  the  location  of  the 
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Figure  n-7.-Computation  of  the  Showalter  Stability  Index* 
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station  have  a  great  bearing  upon  t.Ve  maximum 
winds  to  be  expected.  Certain  areas  of  the 
United  States,  and  the  world,  have  a  history  of 
severe  thunderstoim  occurrence  with  ensuing 
strong  winds  during  the  most  favorable  seasons 
of  the  year.  For  this  reason  you  should  have  the 
thunderstorm  ch'matology  for  your  station,  as 
well  as  for  the  general  area,  available  as  to  time 
of  occurrence,  season  of  occurrence,  and  the 
associated  conditions  attending  them. 


The  storm  s  intensity  and  those  reports  froni 
neighboring  or  nearby  stations  can  give  you  a 
good  indication  of  what  conditions  to  expect  at 
your  terminal. 

Forecasting  Peak  Wind 
Gusts  Using  USAF  Method 

There  arc  two  basic  methods  for  forecasting 
maximum   wind   gusts  of  convcctive  origin 
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outlined  in  AWS  Tecliiiical  Report  200  (Rev). 
One  involves  the  use  of  the  Dry  Stabilitv  Index 
(T, )  and  the  other  Jownrush  temperature  sub- 
tracted from  the  drv-bulb  temperature  (T>  K 
These  methods  will  be  disv.ussed  in  this  section. 

DETERMINATION  OF  T| .  T|  is  Sound  in 
one  of  two  ways: 

1 .  If  the  sounding  has  an  inversion,  the  moist 
adiabac  is  followed  from  the  w-armesc  pine  of  the  in- 
vcrsionco  600  millibars.  The  ccmperacure  difference- 
between  the  imcrseccion  of  the  moist  adiabat  at  the 
609 mb  isobar  and  the  temperature  of  the  dr\'  bulb  at 
600mbisTj  .Theinversion(top)  point  shouldbe  with- 
in 150  or  200 mb  of  the  surface  and  must  not  be  sus- 
ceptible to  becoming  wiped  out  by  surface  convection. 

2.  If  no  inversion  appears  on  the  sounding  or 
if  the  inversion  is  relatively  high  (more  than  200 
mb  above  the  surface),  a  different  method  is 
used  lo  find  T| .  The  maximum  temperature  at 
the  surface  is  forecast  in  the  usual  manner.  A 
moist  adiabat  is  projected  from  the  maximum 
Jemperature  to  the  600  mb  level.  The  tempera- 
ture difference  between  the  intersection  of  the 
moist  adiabat  and  the  600  mb  surface  and  the 
dry-bulb  temperature  at  the  600  mb  level  is  Tj . 

After  Ti  has  been  determined  refer  to  Table 
1 1-1  for  determination  of  the  maximum  gust 
speed.  To  further  add  to  the  reliability  :»nd 
accuracy  of  the  forecast,  one-third  of  the  mean 
wind  speed  expected  in  the  lower  5,000  feet 
above  the  ground  level  should  be  added  to  the 
value  obtained  from  Table  11-1. 


DETERMINATION  OF  T2.  T2  is  found  by 
first  locating  the  O^C  isotherm  on  the  wet-bulb 
curve.  A  moist  adiabat  through  that  point  is 
followed  down  to  the  surface  and  the  tempera- 
ture at  that  point  is  recorded.  This  temperature 
is  subtracted  from  the  dry-bulb  temperature  (or 
the  forecast  free  air  tc:niperature)  giving  the 
value  of  T2. 

Using  the  value  of  T2  refer  to  figure  1 1-8. 
This  graph  allows  you 'to  arrive  at  the  probable 
minimum,  mean,  and  maximum  gusts. 

DETERMINATION  OF  GUST  DIREC- 
TION. For  the  direction  of  the  maximum  gust, 
the  mean  wind  direction  in  the  layer  between 
10,000  and  14,000  feet  above  the  terrain  is 
used. 

EXAMPLES  OF  FORECASTING  METH- 
ODS. Figure  1 1-9  shows  a  typical  sounding 
plotted  on  the  Skew  T  diagram  for  forecasting 
maximum  gust  speeds. 

The  following  procedure  may  be  followed: 

1.  A  moist  adiabat  is  projected  from  the 
warmest  point  of  the  inversion  to  the  600  mb 
surface,  and  the  temperature  at  that  intersection 
is  O^S'^C. 

2.  The  dry-bulb  temperature  at  600  mb  is 
-T.S^'C,  so  that  Ti  is  about  9''C. 

3.  Entering  Table  ll-I,  the  value  of  V  is 
found  to  be  35  knots.  To  this  value  add 
one-third  of  the  mean  wind  speed  in  the  layer 
from  the  surface  to  5,000  feet  to  obtain  the 
maximum  peak  gust. 


Table  11-1.— Use  of     for  maximum  wind  gusts. 


Maximum  Gust 

Maximum  Gust 

Ti  Values  in  °C 

Speed  (V) 

Ti  Values  in  °C 

Speed  (V) 

3 

17 

14 

47 

4 

20 

15 

49 

5 

23 

16 

51 

6 

26 

17 

53 

7 

29 

18 

55 

8 

32 

19 

57 

9 

35 

20 

58 

10 

37 

21 

60 

1 1 

39 

22 

61 

12 

41 

23 

63 

13 

45 

24 

64 

25 

65 
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Figure  71-8.— ProbaWe  maximum  gusts  using  the  T2  method. 
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AEROGRAPIIIiirS  MATI:  1  ScC 


4.  The  tbrcca>i  wind  direction  of  the  niaxi- 
muni  gust  is  the  same  as  the  mean  wind 
direction  from  i  0.000  to  14.000  t'eet  above  the 
terrain. 

Figure  I  1-10  is  used  to  illustrate  the  method 
of  foreca.sting  maximiuii  wind  gu.stb  Uhiiig  the  T2 
method. 


2.  Since  the  .surface  dry-bulb  tei.iperature  is 
27°C  the  value  of  To  is  IS^'C. 

3.  [Entering  figure  11-8  at  T2  =  15  the 
probable  minimum  wind  speed  is  38  knots;  the 
mean  speed  is  45  knots:  and  probable  niaxinumi 
is  52  knots. 

4.  Wind  direction  is  obtained  in  the  .same 
manner  as  the  preceding  method. 


AG.616 

Figure  11-10.-Examplo  of  sounding  for  forecasting  maximum  wind  gusts  using 

downrush  temperature. 


The  following  step.s  show  the  correct  pro- 
cedure for  determming  the  value  of  T2 : 

1.  A  moist  adiabat  projected  downward 
from  the  wet  bulb  freezing  level  to  the  .surface 
and  the  temperature  at  the  intellection  is  found 
to  be  12°C. 


FORECASTING  HAIL 

Hail,  like  the  maximum  wind  gusts  in  thun- 
derstorms, usually  takes  place  in  a  narrow  shaft 
.seldom  wider  than  a  mile  or  two  and  usually  le.ss 
than  a  mile  wide.  The  occurrence  of  had  m 
(hundcrstorm.s     was     discussed     earlier  in 
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this  chapter.  However,  a  few  additional 
facts  concerning  the  occurrence  and  treqiiency 
of  hail  in  flight  should  be  discussed  at  this  point. 

1.  Since  hail  is  normally  associated  with 
thunclerstorms,  the  season  of  the  maximum 
occurrence  of  hail  is  coincident  with  the  season 
of 'maximum  occurrence  of  thunderstorms. 

2.  When  the  storm  is  large  and  well  de- 
veloped, an  assumption  should  be  made  that  it 
contains  hail. 

3.  Encounters  of  hail  below  10,000  feet 
showed  the  hail  distribution  equally  divided 
between  the  clear  air  alongside  the  thunder- 
stornu  in  the  rain  area  underneath  the  storm, 
and  within  the  thunderstonn  itself, 

4.  From  10.000  to  20.000  feet,  the  percent- 
ages ranged  from  40  percent  in  the  clear  air 
alongside  the  storm  to  60  percent  in  the  storm, 
with  82  percent  of  the  encounters  outside  the 
storm  under  the  overhanging  cloud. 

5.  Above  20.000  feet,  the  percentages  re- 
flected 80  percent  of  the  hail  was  encountered 
in  the  storm  with  20  percei.  in  the  clear  air 
beneath  the  anvil  or  other  cloud  i..\tending  from 
the  storm. 

Climatology  is  of  vital  importance  in  pre- 
dicting the  hail  occurrence,  as  well  as  its  si7,e. 
Good  estimations  of  the  size  of  hail  can  be 
gleaned  from  reports  of  the  stor,m  passage  over 
nearby  upstream  stations.  Here  too,  modifymg 
influences  must  be  taken  into  account. 

Hail  Fre(|uency  a.s  Related  to 
Storm  Intensity  and  Height 

Fifty  percent  hail  occurrency  may  be  ex- 
pected in  storms  exceeding  46,000  feet,  based 
on  radar  echo  height  alone.  With  a  maximum 
echo  height  of  52,000  feet,  a  67  percent  hail 
frequency  can  be  expected,  and  only  33  percent 
at  35,000  feet.  Mean  echo  heights  are  42,000 
feet  for  hail  and  36,000  feet  for  rain. 

A  Yes-No  Hail  Forecasting  Technic|ue 

Aside  from  the  fact  that  hail  occurs  with 
thunderstorms  both  inside  and  outside  the  storm 
and  our  knowledge  of  the  relationship  of  hail  to 
this  type  of  storm,  very  little  information  i.s 


available  as  to  forecasting  of  the  actual  occur- 
rence of  hail.  The  technique  presented  m  this 
section  of  the  chapter  is  an  objective  method  of 
hail  forecasting,  using  the  parameters  of  the 
ratio  of  cloud  ujpth  below  the  freezing  level  and 
the  height  of  the  freezing  level.  The  data  u.sed  in 
this  study  were  derived  from  70  .severe  convec- 
tive  storms  (34  hail  producing  and  36  nonliail 
producing  storms)  over  the  Midwestern  States. 
Severe  thunderstorms,  'as  used  in  the  develop- 
ment of  this  technique,  were  defined  as  those 
thunderstorms  causing  measurable  property 
damage  due  to  strong  winds,  lightning,  or  heavy 
rain.  Severe  thunderstorms  with  accompanying 
hail  weie  defined  as  those  thunderstorms  accom- 
panied by  hail  where  hail  was  listed  as  the  prime 
cause  of  property  damage  even  though  other 
phenomena  may  also  have  occurred.  All  torna- 
does were  excluded  from  consideration  to  avoid 
confusion, 

METHOD  OF  ANALYSIS. -Plot  representa- 
tive upper  air  soundings  (OOOOZ  and  1200Z)  on 
the  Skew  T  diagram.  Then  analyze  the  following 
parameters: 

1.  Convective  condensation  level  (CCL). 

2.  Equilibrium  level  (EL).  The  EL  is  found  at 
the  top  0*'  the  positive  area  on  the  sounding 
where  the  temperature  curve  and  the  saturation 
adiabat  through  the  CCL  again  intersect.  This 
gives  a  measure  of  the  extent  of  the  cloud's 
vertical  development  and  thus  an  estimate  of  its 
top  or  maximum  height. 

3.  Freezing  level.  This  is  defined  as  the  height 
of  the  zero  degree  isothenn. 

NOTE:  ALL  THREE  HEIGHTS  ARE  EX- 
PRESSED IN  UNITS  OF  MILLIBARS. 

Next  determine  the  following  two  param- 
eters: 

1.  The  ratio  of  the  cloud  depth  below  the 
freezing  level  (distance  in  millibars  from  the 
CCL  to  the  freezing  level)  to  the  cloud's 
estimated  vertical  development  (distance  from 
the  CCL  to  the  EL  in  millibars)  is  defined  as  the 
cloud  depth  ratio.  For  example,  if  the  CCL  was 
at  760  mb,  the  freezing  level  at  620  mb,  and  the 
EL  at  220  mb.  then  'he  cloud  depth  atio  would 
be  computed  as  follows: 

Cloud  depth  ratio  =  —  =  .26 
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Figure  1  Ml. -Scattered  diiP^ram  showing  the  distribution  of  selected  hail  occurrences  at  certain  midwestern  stations 
during  the  spring  and  summer  of  1959  and  1960.  The  freezing  level  is  plotted  against  the  cloud  depth  ratio.  {X  =  haif 
reported.  0  =  no  hail  reported.) 


2.  Height  of  the  freezing  level  in  niillibnrs 
(620  mb). 

With  I  as  the  ordinate  and  2  as  the  abscissa, 
enter  figure  I  I  11  for  occiirrenLe  or  nonoccur- 
rence of  hail  In  this  case,  hail  would  be  forecast 
as  the  value  falls  in  the  hail  forecast  area. 

EVALUATION.  Using  the  data  in  70  de- 
pendent cases,  the  percent  correct  for  prediction 
of  hail  or  no  hail  was  83  percent.  This  technique 
combines  the  two  parameters  relating  hail  to 
convective  activity  into  a  single  predictor.  Al* 
though  the  data  used  in  this  study  were  from  the 
Midwest,  the  application  need  not  be  confined 
to  that  nrea.  With  some  modification  of  this 
diagram,  this  method  could  serve  as  a  basis  for  a 
local  forecasting  tool  for  other  areas. 


Hail  Size  Forecasting 

Once  the  forecaster  has  determined  that  the 
piv^b'ibllity  of  hail  exists,  as  previously  outlined, 
the  next  logical  question  will  relate  to  the  size  of 
the  hail  that  may  be  anticipated.  AWS  Technical 
Report  200  (Rev)  provides  a  technique  for 
determining  hail  size  that  has  been  developed  by 
the  Air  Force.  This  method  utilizes  the  Skew  T 
Log  P  diagram. 

The  first  step  in  forecasting  hail  is  to  deter- 
mine the  Conve<.tive  Condensation  Level  (CCL). 
This  parameter  is  evaluated  on  the  adiabatic 
<  lart  by  finding  the  moan  mixing  ratio  in  the 
hioist  layer  oi  ti.c  lowest  150  mb,  and  following 
this    satnration    mixing    ratio    line    to  its 
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intersection  with  the  sounding  Jry-biilb  tempera- 
ture curve  Next,  the  moist  aJidbat  through  the 
CCL  is  traced  up  to  the  pressure  level  where  the 
dry-bulb  temperature  is  -5°C.  This  pressure 
level,  the  dry-bulb  temperature  curve,  and  the 
moist  adiabai  through  the  CCL  tbrm  a  triangle 
outlining  a  positive  are:^.  Figure  I  I-I2  illustrates 
this  procedure.  The  horizontal  coordinate  in 
figure  1  I -1 2  is  the  length  of  the  horizontal  side 
of  the  triangle  in  degrees  Celsius.  The  vertical 
coordinate  is  the  length  (in  degiees)  of  a  dry 
adiabat  through  the  triangle.  This  length  is 
measured  from  the  pressure  at  the  base  of  the 
triangle. 

These  computations  for  the  horizontal  length 
in  degrees  and  altitude  in  degrees  are  utilized  on 
the  graph  in  figure  II-I3,  for  the  forecast  of 
hailstone  diameter. 

EXAMPLE  OF  TECHNIQUE.  In  the  sound- 
ing shown  in  figure  I  I-I2,  the  CCL  is  point  A. 
The  moist  adiabat  from  the  CCL  to  the  pressure 
level  where  the  temperature  is  -5°C  is  the  line 
AB'.  The  isobar  trom  the  point  where  the  air 
temperature  is  -5°C  to  its  intersection  with  the 
moist  adiabat  is  the  line  BB'.  The  dry  adiabat 
from  the  isobar  BB'  through  the  triangle  to  the 
pressure  of  the  CCL  is  the  line  HH'.  The  base  of 
the  triangle  in  degrees  Celsius  is  6°C  (from  plus 
1  to  minus  5).  The  length  of  the  dry  adiabat 
through  the  triangle  is  2I°C  (from  minus  4  to 
plus  17).  The  value  on  the  graph  in  figure  1  M3, 
with  a  horizontal  coordinate  of  6  and  a  vertical 
coordinate  of  2  K  is  a  forecast  of  1  inch  hail. 

In  order  to  more  accurately  forecast  hail  size 
in  conjunction  with  thunderstorms  along  the 
Gulf  Coast  or  in  any  air  mass  where  the 
Wet-Bulb-Zero  height  is  above  10,500  feet,  it  is 
necessary  to  refer  to  the  graph  in  figure  11-14. 
The  hail  size  derived  from  figure  11-13  is 
entered  on  the  horizontal  coordinate  of  figure 
11-14,  and  the  corrected  hail  size  read  off  is 
compatible  v.  ith  the  height  of  the  Wet-Bulb-Zero 
temperature. 

A  THUNDERSTORM  CHECKLIST 

Regardless  of  where  you  are  forecasting,  the 
factors  and  parameters  favorable  for  thun- 
derstorm,  hail,  and  gust  forecasting  should  be 
systematized  into  some  sou  of  checklist  to 
determine  the  likelihood  and  probability  of 


thunderstorms  and  the  attendant  weather.  Fig- 
ure I  I -1 5  is  a  suggested  format  and  checklist  to 
insure  that  all  parameters  have  been  given  due 
consideration. 

TORNADOES 

Tornadoes  are  the  least  understood  and  least 
known  atmospheric  phenomena.  Only  their  rela- 
tively small  size  ranks  them  as  second  in  the 
severity  of  the  damage  they  cause,  with  tropical 
cyclones  ranking  first.  Pound  for  pound,  torna- 
does are  unsurpassed  in  the  damage  they  cause. 
Tornadoes  are  violently  rotating  columns  of  air 
extending  downward  from  a  cumulonimbus 
cloud.  They  are  nearly  always  observed  as  funnel 
clouds.  They  occur  only  in  certain  areas  of  the 
world  and  are  most  frequent  in  the  United 
States  in  the  area  bounded  by  the  Rockies  on 
the  west  and  the  Appalachians  on  the  east.  They 
also  occur  during  certain  preferred  seasons  of 
the  year  in  the  United  States  with  their  most 
frequent  occurrence  during  i.lay.  The  season  of 
occurrence  varies  with  the  locality.  Too,  80 
percent  of  the  tornadoes  in  the  United  States 
have  occurred  between  noon  and  2100. 

In  the  last  few  years  the  U.S.  Air  Force  and 
the  National  Weather  Service  have  given  in- 
creasing attention  to  the  forecasting  of  severe 
local  storms  and  tornadoes.  Since  the  establish- 
ment of  the  Severe  LocaJ  Storm  (SEES)  Fore- 
cast Center  in  Kansas  City,  Missouri,  the  predic- 
tions of  severe  thunderstorms  and  tornadoes 
have  been  placed  on  a  more  systematic  basis. 
Warnings  and  forecasts  are  issued  for  the  United 
States  from  this  center  at  periodic  intervals  for 
use  by  bo^h  the  general  public  and  the  military. 

Complete  details  on  the  forecasting  of  these 
phenomena  are  beyond  the  scopw  of  this  training 
manual.  It  is  suggested  that  the  reader  consult 
the  U.S.  Department  of  Commerce,  Forecasting 
Guide  No.  K  Forecasting  Tornadoes  and  Severe 
Thunderstorms,  and  the  many  other  excellent 
texts  and  publications  for  a  more  complete 
understanding  of  this  problem.  The  senior 
Aerographer's  Mate  should  have  a  basic  under- 
standing of  the  factors  leading  to  the  formation 
of  such  severe  phenomena,  to  recognize  poten- 
tial situations,  and  to  br  ble  to  forecast  such 
phenomena. 
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Figure  11-12.-Example  of  hail  size  forecast  sounding. 
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HAILSTONE  DIAMETER  IN  INCHES 
q   q    tn  o 


oinOtno«)OinOio 


ALTITUDE  OF  POSITIVE  TRIANGLE 

AG.619 

Figui-e  11-13.-Fawbu$h-Miller  Hail  Graph  showing  forecast  hallttone  diameter  in  inches. 
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Figure  11-14.— Hail  size  at  surface  expected  from  tropical  air  mass  thunderstorms. 
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SURFACl:  THERMAL  PATTERNS 
AS  A  FORECASTING  AID 

This  niethoil  iiuiicatcs  that  thermal  tongues 
averaging  50  miles  or  less  in  width  are  favored 
locations  for  tornado  activit>  within  the  more 
general  area  of  conveetive  storm  activity.  These 
thermal  tongues  and  associated  forecasts  of 
tornado  activity  can  be  located  quite  readily  on 
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the  surface  synoptic  chart.  Use  the  following 
technique  to  supplement  the  existing  tornado 
forecast. 

The  procedure  to  locate  areas  of  potentially 
severe  conveetive  activity  with  reference  to  the 
synoptic  surface  thermal  pattern  is  as  follows. 

I.  Draw  isotherms  for  every  2  degrees  to 
locate  thermal  tongues. 
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WORKSHEET 

SUGGESTED  CHECK  LIST  FOR  THE  DETERMINATION  OF  AIR  MASS  THUNDERSTORM  ACTIVirf 
I.    Analyze  the  Arowagrara  using  the  closest  sounding  &  parcel  methods 
1.     Determine  the  following 

a.  Convective  condensat>,on  level  (CCL) 

b.  Temperature  necessary  for  convection 

c.  Maximum  temperature  forecast 


5.000 


d.  Is  temperature  necessary  for  convection 
expected  to  be  reached? 

e.  Inversions  present?  (Stg/Weak/Mdt/Height) 

f.  Inversions  strong  enough  to  prevent  or 
retard  convection  activity 

g.  Positive  energy  area  favorable/unfavorable 

h.  Does  positive  energy  area  extend  well  above 
the  freezing  level?     (Preferably  above  the 
-10°  C  isotherm) 

i.  Does  moist  layer  extend  to  10,000  ft? 
j.    At  least  3  gr/kg  moisture  12,000  ft 

k.    Conditionally  unstable  air  extent  to  16,000' 

1.    Stability  index  (fav/unfav) 

m.    Were  thunderstorms  or  clouds  of  vertical 
development  present  previous  day?    If  so, 
has  there  been  any  change  at  lower  or  upper 
levels  to  retard  further  development  today 

n.    Is  month  and  time  of  year  favorable  clima- 
tologically  for  thunderstorm  development  ? 

2.     Forecast  from  consideration  of  a  thru  n. 


JVO 


YES 


y6S  -tvo  t^fittiGB 
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Note:    The  most  important  single  predictor  of  daytime  thunderstorms  is 
moisture  in  the  lower  troposphere  in  the  morning. 

Determination  of  f.  is  of  prime  consideration*  You  must  decide  if 
heating  and  lift  is  sufficient  to  overcome  the  inversion. 


Figure  11*15.-Suggested  checklist  for  the  determination  of  air  mass  thunderstorm  activity. 
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II.    Forecast  from  u«ing  the  Bailey  Graph  5cT^  TsTMS 

III.    Final  forecast  from  all  of  the  above  considerations  ScTQ  A^T^D/ 


IV.  Gusts 

1-    Table  13-1 

2.  AWS  Manual  Kethod 

3.  Estimated  from  reports  or 
expected  intensity  of  storm 

4.  Final  Forecast 
V.    Hall  (jSUftFhtf^) 

1.  Yes-No  Method 

2.  Fawbush -Miller  Method 
Note  if  wet  bulb  zero  above 
10,500  ft. 


3.  Estimated 


4-5  kr 
/fO  kf 


J^-l" 


Forecast 
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Figure  11-15.— Suggested  checklist  for  the  determination  of  air  mass  thunderstorm  activity— Continued. 


2.  Within  the  general  area  in  which  convec- 
tive  storms  are  forecast,  locate  the  axis  of  all 
pronounced  thermal  tongues  oriented  nearly 
parallel  to  the  gradient  flow. 

3.  On  this  a.xis,  locate  the  point  with  the 
greatest  temperature  gradient  within  50  to  100 
miles  to  the  right,  and  normal  to  the  flow. 

4.  From  this  reference  point,  a  rectangle  is 
constructed  with  its  left  side  along  the  axis  of 
the  thermal  tongue  by  locating  corner  points  on 
the  axis  25  miles  upstream  and  125  miles 
downstream  from  the  reference  point.  The 
rectangle  is  1 50  miles  long  and  50  miles  wide. 

5.  This  is  the  forecast  area  for  possible 
tornado  or  funnel  cloud  development. 


TORNADO  TYPES 

There  are  commonly  believed  to  be  three 
tornado  producing  air  structure.^  for  tornado 
development  over  the  United  States.  They  are 
the  Great  Plains  type,  the  Gulf  Coast  type,  and 
West  Coast  type. 

Great  Plains  Type 

Tornadoes  in  this  type  air  mass  favor  the 
intersection  of  the  squall  lino  with  warm  front 
zones.  The  tornadoes  will  generally  form  on  the 
squall  line,  hence  their  prediction  involves 
timely  delineation  (geographical)  of  the  squall 
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line  fornialion  along  or  in  advance  of  a  cold 
Iront.  upper  cold  tront.  or  trough.  Conditions 
must  favor  a  downrusli  of  air  from  aloft.  (See 
chapter  4.) 

Gulf  Coast  Type 

In  contrast  to  the  air  mass  type  (Great  Plains 
Type)  tornadoes  also  form  in  an  equatorial  type 
air  mass  that  is  moist  to  great  heights.  Such 
storms  are  most  common  on  the  coast  of  the 
Gulf  of  Mexico  and  produce  the  waterspouts 
often  reported  over  Florida.  Tornadoes  are 
triggered  in  this  air  mass  primarily  by  lifting  at 
the  intersection  of  a  thunderstorm  line  with  a 
warm  front  and  less  frequently  by  frontal  and 
prefrontal  squall  lines. 

West  Coast  Type 

Tornadoes  also  form  in  relatively  cold  moist 
air.  This  air  mass  is  the  Pacific  or  West  Coast 
type.  It  is  responsible  for  waterspouts  on  the 
West  Coast.  Tornadoes  in  this  type  air  mass  are 
normally  in  a  rather  extensive  cloudy  area  with 
scattered  rain  showers  and  isolated  thunder- 
storms. Clouds  are  mostly  stratocumulus.  Favor- 
able situations  for  tornado  development  in  this 
air  mass  type  include  the  rear  of  mP  cold  fronts; 
well  cooled  air  behind  squall  lines. 

WATERSPOUTS 

Phenomena  frequently  encountered  by  naval 
personnel  are  waterspouts.  Waterspouts  fall  into 
two  classes:  tornadoes  over  water  and  fair 
weather  waterspouts. 

The  fair  weather  waterspout  is  comparable  to 
a  dust  devil.  It  may  rotate  in  either  direction, 
whereas  the  other  type  of  waterspout  rotates 
cyclonically.  In  general  waterspouts  are  not  as 
strong  as  tornadoes,  in  spite  of  the  large  mois- 
ture source  and  the  reduced  friction.  The  water 
surface  under  a  waterspout  is  cither  raised  or 
lowered  depending  on  whether  it  is  affected 
more  by  the  atmospheric  pressure  reduction  or 
the  wind  force.  There  is  less  inflow  and  upflow 
of  air  in  a  waterspout  than  in  a  tornado.  The 
waterspout  does  not  lift  any  significant  amount 
of  water  from  the  surface.  Ships  passing  through 
waterspouts  have  mostly  encountered  fresh  water. 
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FORECASTING  FOG  AND  STRATUS 

Fog  and  stratus  clouds  are  hazardous  condi- 
tions for  both  aircraft  and  ship  operations. 
Senior  Aerographer's  Mates  will  frequently  be 
called  upon  to  forecast  formation,  lifting,  or 
dissipation  of  these  phenomena.  In  order  to 
assist  them  in  providing  the  best  information 
available  we  will  discuss  the  various  factors  that 
influence  the  formation  and  dissipation  of  fog 
and  stratus,  as  well 'as  some  methods  that  may 
be  utilized  in  forecasting  these  actions. 

EFFECT  OF  AIR  MASS 
STABILITY  ON  FOG 

Fog  and  stratus  are  typical  phenomena  of  a 
warm  type  air  mass.  Since  a  warm  type  air  mass 
is  one  with  a  temperature  greater  than  that  of 
the  underlying  surface,  it  is  stable,  especially  in 
the  lower  layers. 

Through  the  use  of  upper  air  soundings, 
measurements  can  be  made  of  temperature  and 
relative  humidity,  from  which  stability  charac- 
teristics can  be  determined.  The  publication.  Use 
of  the  Skew  T.  Log  P  in  Analysis  and  Fore- 
casting, NAVAIR  50-IP-5.  contains  complete 
information  on  analyzing  upper  air  soundings 
and  should  be  consulted  by  the  forecaster. 

GENERAL  PROCEDURE 
FOR  FORECASTING  FOG 

One  of  the  basic  considerations  is  that  a 
potential  fog  or  stratu:'  situation  exists  and  that 
all  of  the  factors  are  favorable  for  formation. 
The  particular  synoptic  situation,  time  of  the 
year,  climatology  of  the  station,  stabihty  of  the 
lapse  rates,  amount  of  cooling  expected, 
strength  of  the  wind,  dewpoint-temperature 
spread,  and  trajectory  of  the  air  over  favorable 
types  of  underlying  surfaces  are  all  basic  con- 
siderations to  be  taken  into  account. 

Consideration  of  Geography 
and  Climatology 

Certain  areas  are  more  favorable  climatologi- 
cally  for  fog  formation  during  certain  periods  of 
the  year  than  others.  All  available  information  as 
to  the  frequency  and  climatology  of  fog  should 
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be  compiled  tor  your  station  or  operating  area 
to  determine  the  times  and  periods  most  favor- 
able for  formation. 

Then  determine  the  location  of  the  station 
with  respect  to  air  drainage  or  upslope  condi- 
tions. Next,  determine  the  type  of  fog  to  which 
your  location  would  be  exposed.  For  example, 
inland  stations  would  be  more  likely  to  have 
radiation  fog  and  shore  coastal  stations  advec- 
tion  logs.  A  determination  should' then  be  made 
of  air  trajectories  favorable  for  fog  formation  at 
your  station. 

Frontal  Fogs 

Forecasting  of  these  types  of  fogs  is  asso- 
ciated with  the  forecasting  of  the  movement  of 
the  fronts  and  their  attendant  precipitation 
areas.  For  example,  fogs  can  form  in  I'dvance  of 
a  warm  front,  in  the  warm  air  section  behind  the 
warm  front  (when  the  warm  air  dewpoint  is 
higher  than  the  cold  air  temperature),  or  behind 
a  slow  moving  cold  front  when  the  air  becomes 
saturated. 

Air  Mass  Types 

The  first  step  is  to  determine  a  trajectory  of 
the  air  at  the  station  and  estimate  the  changes 
during  the  night.  If  the  air  has  been  heated 
normally  during  the  day  and  there  was  no  fog 
the  preceding  morning,  no  marked  cloud  cover 
during  the  day,  and  no  trajectory  over  water, 
then  no  fog  of  marked  intensity  will  form  during 
the  night.  However,  during  fall  and  winter, 
nights  are  long  and  days  are  short,  and  condi- 
tions are  generally  stable;  and  when  a  fog 
situation  has  been  in  existence,  the  same  condi- 
tions tend  to  remain  night  after  night  and  the 
heating  during  the  day  is  insufficient  to  effec- 
tively raise  the  temperature  of  the  lower  air. 
Also,  determine  if  the  air  has  had  a  path  over 
extensive  water  bodies  and  whether  this  path 
was  sufficient  to  raise  the  humidity  or  lower  the 
temperature  sufficiently   to   form  fog.  Then 
construct  nomograms,  tables,  etc;  using  dew- 
point  depression  against  time  of  fog  formation 
for  various  seasons  and  winds,  and  modify  these 
in  the  light  of  each  particular  synoptic  situation. 


FACTORS  TO  BE  CONSIDERED  IN 
FOG  AND  STRATUS  FORMATION 

Wind 

Wind  velocity  is  an  important  consideration  in 
the  formation  of  fog  and/or  low  ceiling  clouds. 

When  the  temperature  and  dewpoint  are  close 
at  the  surface  and  eddy  currents  are  100  feet  or 
more  in  vertical  thickness,  adiabatic  cooling  in 
the  upward  side  of  the  eddy  could  give  the 
additional  cooling  needed  to  bring  about  satura- 
tion. Any  additional  cooling  would  place  the  air 
in  a  temporary  supersaturated  state.  The  extra 
moisture  will  then  condense  out  of  the  air, 
producing  a  low  ceiling  cloud.  Adiabatic  heating 
on  the  downward  side  of  the  eddy  will  usually 
dissolve  the  cloud  particles.  If  all  cloud  particles 
dissolve  before  reaching  the  ground,  the  horizon- 
tal visibility  should  be  good.  However,  if  many 
particles  reach  the  ground  before  evaporation, 
the  horizontal  visibility  will  be  restricted  by  a 
moderate  fog  condition.  Clouds  forming  in  eddy 
current  areas  may  at  first  be  patchy  and  become 
Identified  as  scud  type  clouds.  If  the  cloud 
forms  into  a  solid  layer,  it  will  be  a  layer  of 
stratus.  When  conditionally  unstable  air  is  pres- 
ent in  the  eddy  area  or  if  the  frictional  eddy 
currents  are  severe  enough,  stratocumulus  clouds 
will  be  identified  in  the  area.  (See  fig,  1 1-16,) 

Saturation  of  Air 

The  saturation  curve  in  figure  1M7  shows 
the  amount  of  moisture  in  grams  per  kilogram 
the  air  will  hold  at  various  temperatures. 

The  air  along  the  curve  is  saturated  with  water 
vapor  and  is  at  its  dewpoint.  Any  further  cooling 
will  yield  water  as  a  result  of  condensation, 
hence  fog  or  low  ceiling  clouds  (depending  upon 
the  wind  velocity)  will  form. 

Nocturnal  Cooling 

Nocturnal  cooling  actually  begins  after  the 
temperature  reaches  its  maximum  during  the 
day.  The  cooHng  will  continue  until  sunrise  or 
shortly  thereafter.  This  cooling  affects  only  the 
lower  limits  of  the  atmosphere.  If  nocturnal 
cooling  reduces  the  temperature  to  a  value  close 
to  the  dewpoint,  fog,  or  low  ceiling,  clouds  will 
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Figure  IM6.-H0W  wind  velocity  can  cause  a  low  cloud  layer. 


develop.  The  wind  velocity  and  terrain  rough- 
ness will  control  the  depth  of  the  cooled  air. 
Calm  wnui  will  allow  a  patchy  type  of  ground 
fog  or  a  very  shallow  continuous  ground  fog  to 
form.  Winds  of  5  to  10  knots  will  usually  allow 
the  fog  to  thicken  vertically.  Winds  greater  than 
10  knots  will  usually  cause  low  scud,  stratus  or 
strntocumulus  to  form.  (See  figs.  11-18  and 
11-19  for  examples  of  fog  and  stratus  forma- 
tion.) 

The  amount  of  cooling  at  night  is  dependent 
on  soil  composition,  vegetation,  cloud  cover, 
ceiling,  and  other  factors.  Cooling  may  vary  over 
any  particular  area.  A  cloud  cover  based  below 
10,000  feet  has  a  greenhouse  effect  on  surface 
temperatures,  absorbing  some  terrestrial  radia- 
tion and  reradiating  a  portion  of  this  heat  energy 


back  to  be  once  again  absorbed  by  the  land.  This 
causes  a  reduction  in  nocturnal  cooling.  Noc- 
turnal cooling  between  I  530  local  standard  time 
and  sunrise  will  vary  from  as  little  as  5"^  to  10"^ 
with  an  overcast  sky  condition  based  around 
1 ,000  feet  to  25''  or  30""  F  with  a  clear  sky  or  a 
cloud  layer  above  10,000  feet.  Certain  other 
factors  and  exceptions  must  also  be  considered. 
If  a  front  is  expected  to  pass  the  station  during 
the  night,  or  onshore  winds  are  expected  to 
occur  during  the  night,  the  amount  of  cooling 
expected  would  have  to  be  modified  in  the  light 
of  these  developments. 

An  estimate  of  the  formation  time  of  fog,  and 
possibly  stratus,  can  be  aided  greatly  if  some 
type  of  saturation  time  chart  such  as  that 
illustrated  in  figure  1 1-20  can  be  constructed  on 
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Figure  11-1 7. -Saturation  curve. 


AG.624 


which  the  temperature  forecast  versus  the  dew- 
point  forecast  can  be  plotted.  To  use  this 
diagram,  note  the  maximum  temperature  and 
consider  the  general  sky  condition  from  the 
surface  map.  forecasts,  or  sequence  reports.  By 
projecting  the  temperature  and  dewpoint  tem- 
perature, an  estimated  time  of  fog  fonnation  can 
be  forecast.  If  smoke  is  observed  in  the  area,  fog 
will  normally  form  about  I  hour  earlier  than  the 
formation  line  indicates  on  the  charts  because  of 
the  abundance  of  condensation  nuclei. 

Air  Trajectories 

The  trajectory  of  the  air  reaching  your  station 
during  the  forecast  period  can  be  another 
important  factor  in  fog  formation. 

One  important  factor  of  air  trajectory  is  warm 
air  moving  over  a  colder  surface.  This  can 
happen  after  the  rain  area  of  a  warm  front  has 
moved  over  the  station,  and  the  station  is  now  in 
the  warm  sector.  Cooling  of  the  air  takes  place 
allowing  condensation  and  widespread  fog  or 
low  stratus  to  form.  To  determine  the  probabili- 
ties of  condensation  behind  a  warm  front 


compare  the  temperature  ahead  of  the  front 
with  the  dewpoint  behind  the  front.  If  the 
temperature  ahead  of  the  warm  front  is  lower 
than  the  dewpoint  behind  the  front,  air  behind 
the  front  will  cool  to  a  temperature  near  the 
temperature  ahead  of  the  front,  causing  conden- 
sation and  the  fonnation  of  fog  or  low  stratus. 

Oyer  water  areas,  warm  air  passing  over  a 
relatively  cold  water  area  may  cause  enough 
cooling  to  allow  condensation  and  the  produc- 
tion of  low  ceiling  clouds. 

Another  instance  in  which  trajectory  is  im- 
portant is  when  cold  air  moves  over  a  warm 
water  surface,  marsh  land,  or  swamp,  a  shallow 
layer  of  fog,  called  steam  fog,  may  form.  In 
addition,  air  passing  over  a  wet  surface  will 
evaporate  a  part  of  the  surface  moisture,  causing 
an  increase  in  the  dewpoint.  Whenever  there  is  a 
moisture  source  present,  air  will  evaporate  a  part 
of  this  moisture  unless  the  vapor  pressure  of  the 
air  is  as  great  as  or  greater  than  the  vapor 
pressure  of  the  water.  The  dewpoint  increase 
may  be  enough  to  allow  large  eddy  currents, 
nocturnal  cooling,  or  terrain  lifting  to  complete 
the  saturation  process  and  allow  condensation  to 
occur. 
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Figure  11-18.-Noctumal  cooling  over  a  land  area 
producing  patchy  ground  fog  (calm  winds).  (A)  1530 
LST  maximum  surface  temperature;  (B)  sunrise- 
minimum  surface  temperature. 


CONDITIONS  FAVORABLE 
FOR  GROUND  FOG 

In  the  formation  of  ground  fog,  ideally,  the 
air  mass  would  be  stable,  moist  in  the  lower 
layers  and  dry  aloft,  and  under  a  cloud  cove; 


during  the  day  with  clear  skies  at  night.  Winds 
should  be  light,  nights  long,  and  the  underlying 
surface  wet. 
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Figure  11«19.-Nocturnal  coolino  over  a  land  area 
producing  sl/atus  (10-15  knot  wind).  (A)  1530  LST 
maximum  surface  temperature;  (B)  sunrise-Minimum 
surface  temperature. 
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TIME   OF  HOURLY    SEQUENCE  REPORTS 


OR  STRATOCUMULUS  FORMATION 
0I30E  TO  0230  E 


Figure  11-20.-Saturation  time  chart.  (O's  indicate  actual  temperature  and  dewpoint  observations. 
Straight  line  is  forecast  temperature-dewpoint  trends.) 
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A  Stationary,  subsiding,  high-pressure  aren 
furnishes  the  best  requirements  for  light  winds, 
clear  skies,  stability,  and  dry  air  aloft.  If  the  air 
in  the  high  has  been  moving  over  a  body  of 
water,  or  if  it  lies  over  ground  previously 
moistened  by  an  active  precipitating  front,  the 
wet  surface  will  cause  an  increase  in  the  dew- 
point  of  the  lowest  layers  of  the  air.  In  addition, 
long  nights  versus  short  days  in  fall  and  winter 
are  favorable  for  the  formation  of  radiation  fog. 

CONDITIONS  FAVORABLE  FOR 
ADVECTION-RADIATION  FOG 

Air  with  a  high  relative  humidity  and  dew- 
point  in  late  summer  and  early  fall  around  the 
western  side  of  the  Bermuda  high  or  by  a  return 


How  from  a  continental  polar  high,  which  has 
moved  out  over  the  water,  or  by  cyclogenesis  off 
the  east  coast  is  relatively  cold  as  well  as  moist. 
If  this  air  moves  inland  (replacing  warm  dry  land 
nir).  it  may  be  cooled  to  saturation  by  nocturnal 
radiation  during  the  long  autumn  nights  with 
consequent  formation  of  fog  or  stratus.  The  fog 
is  limited  to  the  coastal  areas,  extending  inland 
between  150  and  250  miles,  depending  on  the 
wind  speed.  On  the  east  coast  it  is  limited  to  the 
region  between  the  Appalachian  Mountains  and 
the  Atlantic  Ocean, 

In  late  fall  and  winter,  when  the  continental 
latitudinal  temperature  gradient  has  intensified 
and  the  land  temperature  becomes  colder -than 
the  adjacent  water,  the  poleward  moving  air  is 
cooled  by  advcction  over  colder  ground  as  well 
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as  by  radiation.  It^  the  air  is  sutlicieiitly  moist, 
fog  or  j>traius  may   Ibrni.  During  daytime, 
heating  may  dissipate  the  tbgor  stratus  cntireiy. 
If  not,  the  heating,  together  with  the  wind, 
which  is  advecting  the  air.  sets  up  a  turbulence 
inversion  and  stratus,  or  stratocunuilus  hiyers 
tbrm  at  its  base.  At  night  if  the  air  is  cooled 
again  and  the  surtace  pressure  gradient  is  weak,  a 
surface  inversion  may  rephico  the  turbulence 
inversion  and  condensation  in  the  form  of  log 
again  occurs  at  the  surface.  However,  if  the 
pressure  gradient  is  strong,  the  cooling  beneath 
the  inversion  intensifies  it.  Under  these  condi- 
tions stratus  or  stratocunuilus  occurs  just  as  in 
the  daytime,  except  with  a  lower  base. 

Late  tall  and  winter  advection-radiation  fogs 
can  occur  any  place  over  the  continent  that  can 
be  reached  by  mantime  air  or  modified  return- 
ini;  continental  air.  Mainly,  this  is  over  ihe 
eastern  half  of  the  United  States.  However,  since 
tropical  air  does  not  reach  as  high  a  latitude  in 
winter  as  in  summer,  the  frequency  of  such  fog 
is  much  smaller  in  the  northern  part  of  the 
country.  With  a  large,  slow  moving  continental 
warm  high  covering  the  eastern  half  of  the 
country,  however,  the  fogs  may  extend  all  the 
way  from  the  Gulf  of  Mexico  to  Canada. 

CONDITIONS  FAVORABLE  FOR 
UPSLOPE  FOG  AND  STRATUS 

Up,slope  fog  and  stratus  occur  in  those  regions 
in  which  the  land  slopes  gradually  upward  and 
which  are  accessible  to  invasion  by  humid  stable 
air  masses.  In  North  America  the  areas  best 
fitting  these  conditions  are  the  Great  Plains  of 
the  United  States  and  Canada  and  the  Piedmont 
east  of  the  Appalachians. 

The  synoptic  conditions  necessary  for  the 
formation  of  this  type  of  fog  or  stratus  are  the 
presence  of  humid  air  and  a  wind  with  an 
upslope  component.  The  stratus  is  not  advected 
over  the  station  as  a  solid  ,sheet.  It  forms 
gradually  overhead.  The  length  of  time  between 
the  formation  of  the  first  signs  of  stratus  and  a 
ceiling  usually  ranges  from  1/2  hour  to  2  hours. 
Also,  under  marginal  conditions,  the  stratus  may 
not  form  a  ceiling  at  all.  A  useful  procedure  is  to 
check  the  hourly  observations  of  surrounding 
stations,  especially  those  southeasiward.  If  one 
of  these  stations  starts  reporting  stratus,  the 


chances  of  ,stratus  formation  at  one's  own 
station  are  high. 

CONDITIONS  FAVORABLE 
FOR  FRONTAL  FOGS 

Frontal  fogs  are  of  three  types:  prefrontal 
(warm  front),  postfrontal  (cold  front),  and 
frontal  passage. 

Prefrontal  Fog 

Prefrontal  (warm-front)  fogs  occur  in  stable 
continental  polar  (cP)  air  when  precipitating 
warm  air  overrides  it,  the  rain  raising  the 
dewpoint  sufficiently  for  fog  formation.  Gen- 
erally, the  wind  speeds  are  slight,  and  the  area 
most  conducive  to  the  formation  of  this  type  of 
fog  i,s  one  between  a  nearby  secondary  low  and  a 
low-pressure  center,  in  the  entire  world  t!ie 
northeastern  part  of  the  United  States  is  prot^ 
ably  the  most  prevalent  region  of  this  type  of 
fog.  They  are  also  of  importance  along  the  Gulf 
and  Atlantic  coastal  plain,  in  the  Midwest,  and 
in  the  valleys  of  the  Appalachians. 

A  rule  of  thumb  for  forecasting  ceiling  during 
prewarn-frontal  fog  is:  If  the  gradient  winds  are 
greater  than  25  knots,  the  ceiling  will  usually 
remain  300  feet  or  higher  during  the  night. 

Postfrontal  Fog 

As  with  the  prefrontal  fog,  postfrontal  (cold- 
front)  fogs  are  caused  by  falling  precipitation. 
Fogs  of  this  nature  are  widespread  only  when  a 
cold  front  of  an  east-west  orientation  has  be- 
come quasi-stationary  and  continental  polar  air 
is  stable.  This  type  of  fog  is  frequent  in  the 
Midwest.  Fog  or  stratiform  clouds  are  prevalent 
for  a  considerable  distance  behind  cold  fronts 
associated  with  stable  continental  air  masses  in 
that  region  if  the  cold  fronts  have  produced 
general  precipitation. 

Frontal  Passage  Fog 

During  the  passage  of  a  front,  fog  may  form 
temporarily  if  the  winds  accompanying  the  front 
are  very  light  and  the  two  air  masses  are  near 
saturation.  Also,  temporary  fog  may  form  if  the 
air  is  suddenly  cooled  over  moist  ground  with 
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the  passage  of  a  piecipitating  cold  front.  In  low 
latitiidcs  fosj  may  form  in  summer  if  the  surface 
IS  cooled  sufficiently  by  evaporation  of  rain- 
water that  fell  during  frontal  passage  provided 
that  the  moisture  addition  to  the  air  and  the 
cooling  are  great  enough  to  cause  fog  formation. 

CONDITIONS  FAVORABLE  FOR 
THE  FORMATION  OF  SEA  FOGS 

Sea  fogs  are  advection  fogs  which  form  in 
warm  moist  air  cooled  to  saturation  as  the  air 
moves  across  cold  water.  The  cold  water  may 
occur  as  a  welklefined  current  or  as  a  gradual 
latitudinal  cooling  from  south  to  north.  The 
dewpoint  and  the  temperature  of  the  air  un- 
der^^o  a  continuous  change  as  the  air  moves 
across  colder  and  colder  water.  The  surface  air 
temperature  falls  steadily,  tending  to  approach 
the  water  temperature.  The  dewpoint  also  tends 
to  approach  the  water  temperature,  but  at  a 
slower  rate.  If  the  dewpoint  of  the  air  is  initially 
higher  than  the  coldest  water  temperature  to  be 
cro.s.sed.  and  if  the  cooling  process  continues 
sutficiently  long,  the  temperature  of  the  air 
ultmiately  falls  to  the  dewpoint  and  fog  results. 
However,  if  the  initial  dewpoint  is  less  than  tlie 
coldest  water  temperature,  the  formation  of  fog 
IS  unhkely.  Generally  in  northward  moving  air! 
or  in  air  which  has  previously  traversed  a  warm 
ocean  cuivent,  the  dewpoint  of  the  air  is  initially 
higher  than  the  cold  water  temperature  in  the 
north  and  fog  will  form,  provided  sufficient 
fetch  occurs. 

The  rate  of  temperature  decrease  is  lanjely 
dependent  on  the  speed  at  which  the  air  moves 
acro-ss  the  .sea  surface  isotherms,  which  in  turn  is 
dependent  both  on  the  spacing  of  the  i.sotherms 
and  the  velocity  of  the  air  normal  to  them. 

The  removal  of  a  sea  fog  from  over  the 
coldest  water  requires  a  change  in  air  ma.ss  (a 
cold  front).  A  movement  of  .sea  fog  to  a  warmer 
land  area  leads  to  rapid  dissipation.  Upon 
heating,  the  fog  first  lifts,  forming  a  stratus 
deck;  then  with  further  heating,  this  overcast 
breaks  up  into  a  stratocunuilus  layer  and  even- 
tually into  convective  type  clouds,  or  evaporates 
entirely.  An  increase  in  wind  velocity  can  also 
raise  a  surface  sea  fog  into  a  stratus  deck 
especially  if  the  water  is  not  much,  if  any,  colder 
than  the  air.  Over  very  cold  water,  dense  sea  fog 


at  the  surface  may  persisi  even  with  high  winds 
Maps  are  available,  showing  the  mean  monthly 
sea  surtace  i.sotnerms.  Synoptic  charts  .show  the 
temperature  and  dewpoint  of  the  air  and  its 
inovement.  Use  of  these  two  charts  in  conjunc- 
tion with  each  other  indicates  whether  the 
temperature  relationship  and  airflows  are  such  as 
to  make  probable  the  formation  or  dissipation 
of  log  or  stratus. 

CONDITIONS  FAVORABLE  FOR 
THE  FORMATION  OF  ICE 
(CRYSTAL)  FOGS 

When  the  air  temperature  is  below  about 
'-5  !'.  any  water  vapor  in  the  air  conden.sing  into 
droplets  is  quickly  converted  into  ice  crystals  A 
suspension  of  ice  crystals  in  the  air  at  the  surface 
of  the  earth  is  caiied  ice  fog.  Ice  fog  occurs 
mostly  ,„  the  Arctic  regions,  and  is  mainly  an 
artificial  fog  produced  by  human  activities 
occurring  locally  over  settlements  and  airfield.s 
where  hydrocarbon  fuels  are  burned.  (Burning  I 
pound  of  hydrocarbon  fuel  produces  1.4  pounds 
of  water.) 

When  the  air  temperature  is  approximately 
-30  b  or  lower,  ice  fog  frequently  forms  very 
rapidly  in  the  exhaust  ga.ses  of  aircraft,  auto- 
mobiles, or  other  types  of  combustion  engines. 
When  there  is  little  or  no  wind,  it  is  po.ssible  for 
an  aircraft  to  generate  enough  ice  fog  during 
landing  or  takeofT  to  cover  the  runway  and  a 
portion  of  the  airfield.  Depending  on  the  atmos- 
|)iieric  conditions,  ice  fogs  may  persist  for 
periods  which  vary  from  a  few  minutes  to 
several  days. 

There  is  also  a  fine  arctic  mist  of  ice  crystals 
vyhich  persists  as  a  haze  over  wide  expanses  of 
the  arctic  basin  during  winter;  it  may  extend 
upward  through  much  of  the  troposphere  a  sort 
of  cirrus  cloud  reaching  down  to  the  ground. 

USE  OF  THE  SKEW  T  DIAGRAM  i.  / 
FORECASTING  THE  FORMATION  AND 
DISSIPATION  OF  FOG 

One  of  the  most  accepted  methods  of  fore- 
casting the  formation  and  dissipation  of  fog 
today  makes  u.se  of  an  upper  air  sounding 
plotted  on  the  Skew  T  diagram.  The  plotting  of 
an  upper  air  sounding  is  usefu'  in  forecasting 
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both  the  formation  and  dissipation  of  fog,  but  it 
can  be  used  more  objectively  in  Forecasting  fog 
dissipation. 

The  use  of  an  upper  air  sounding  to  determine 
the  possibility  of  fog  rormation  must  be  subjec- 
tive, A  study  of  the  existmg  lapse  rate  should  be 
made  to  determine  the  stability  and  instability 
of  the  lower  layers.  The  surface  layer  must  be 
stable  before  fog  can  form.  If  it  is  not  found  to 
be  stable  on  the  .sounding,  the  cooling  expected 
during  the  forecast  period  must  be  considered, 
and  this  modification  should  be  applied  to  the 
sounding  to  determine  if  the  layer  will  be  stable 
with  th(  additional  cooling. 

The  difference  between  the  temperature  and 
the  dewpoint  must  be  considered.  If  the  air 
temperature  and  the  dewpoint  are  expected  to 
coincide  during  the  period  covered  by  the 
forecast,  a  formation  of  fog  is,  of  course,  very 

likely.  .  ^  , 

The  expected  wind  .speed  must  be  considered. 
If  the  wind  speed  is  expected  to  be  strong,  the 
cooling  will  not  result  in  a  surface  inversion 
favorable  for  the  formation  of  fog,  but  may 
result  in  an  inversion  above  the  surface,  which  is 
favorable  for  the  formation  of  stratus  clouds. 

DETERMINATION  OF  FOG  HEIGHT 

An  upper  air  .sounding  taken  during  the  lime 
fog  is  present  will  .show  a  surface  inversion.  The 
fog  will  not  neces.sarily  extend  to  the  top  of  the 
inversion.  If  the  temperature  and  dewpoint  have 
the  same  value  at  the  top  of  the  inversion,  it  can 
be  assumed  that  the  fog  extends  to  the  top  of 
the  inversion.  However,  if  they  do  not  have  the 
same  value,  the  depth  of  the  fog  can  be 
determined  by  averaging  the  mixing  ratio  at  the 
surtacc  and  the  mixing  ratio  at  the  top  of  the 
inversion.  The  intersection  of  this  average  mix- 
ing ratio  with  the  temperature  curve  is  the  top 
of  the  fog  layer. 

Two  methods  that  may  be  u.sed  to  lind  the 
height  of  the  top  of  the  foi»  layer  in  feet  are 
reading  the  height  from  the  pressure-height 
curve  on  the  Skew  T  and  the  dry  adiabatic 
method.  In  using  the  pressure-height  curve 
method,  locate  the  point  where  the  temperature 
curve  and  the  average  mixing  ratio  line  intersect 
on  the  arowagram.  Move  this  point  horizontally 
until  the  pressure-height  curve  is  intersected. 


Determine  the  height  of  the  fog  layer  from  the 
value  of  the  pressure-height  curve  at  this  level. 
The  dry  adiabatic  ni<?Miod  is  based  on  the  fact 
that  the  dry  adiabatic  lapse  rate  is  l^'C  per  100 
m,  or  l^'C  per  328  ft.  Using  this  method,  follow 
the  dry  adiabat  from  the  intersection  of  the 
average  mixing  ratio  line  with  the  temperature 
curve  to  the  surface  level.  Find  the  temperature 
difference  between  the  point  where  the  d»7 
adiabat  reaches  the  surface  and  the  point  of 
intersection  of  the  dry  adiabat  and  the  average 
mixing  ratio.  For  eximiple,  in  figure^ll-21  the 
dry  adiabat  at   the  surface  is  25^  C,  The 
temperature  at   the  intersection  of  the  dry 
adiabat  and  th*:  average  mixing  ratio  is  20  C.  By 
applying  the  dry  adiabatic  method  with  a  lapse 
rate  of  1""  C  per  328  ft,  we  find  the  height  of  the 
lop  of  the  fog  layer  as  follows: 


1 

328 


x  =  1 .640  ft 


Dissipation 


To  determine  the  surface  temperature  neces- 
sary for  the  dissipation  of  fog,  trace  dry  adia- 
batically  on  the  Skew  T  from  the  inter.<;2Ction  of 
the  average  mixing  ratio  line  and  the  tempera- 
ture curve  to  the  surface  level.  The  temperature 
of  the  dry  adiabat  at  the  surface  level  is  the 
temperature  necessary  for  complete  dissipation. 
This  temperature  is  known  as  the  CRITICAL 
TEMPERATURE.  This  temperature  is  an  ap- 
proximation, since  it  assumes  no  changes  will 
take  place  in  the  sounding  from  the  time  of 
observation  to  the  time  of  dissipation.  This 
temperature  .should  be  modified  on  the  basis  of 
loci..  :onditions,  (See  Fig.  11-21.) 

GENERAL  DISSIPATION  RULES 

In  considering  the  dissipation  of  fog  and  low 
ceiling  clouds,  consideration  should  be  given  to 
the  rate  at  which  the  ground  temperature  can 
increase  after  sunrise.  Verticall)  thick  fog  or 
multiple  cloud  layers  in  the  an^a  will  slow  up  the 
morning  healing  of  the  ground.  It  is  the  heating 
of  the  ground  that  increa.ses  the  dissipation  of 
the  fog  overlying  the  ground.  If  advection  fog  is 
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A  =  AVERAGE  MIXING  RATIO 
B  =  TEMPERATURE  CURVE 
C  =  DRY  ADIABAT 

c-  ^  AG.628 

f-igure  I1.^1.-Dr/  adiabatic  method  of  determining 
log  height. 

present  the  fog  may  Iv.-  lifted  off  the  ground  to 
'•1  height  whore  it  is  classitled  as  stratus  if 
ground  tog  is  present,  the  increase  in  surface  air 
temperature  will  cause  the  fog  particles  to 
evaporate,  thus  dissipating  the  fog.  Further 
heating  may  evaporate  advection  fog  and  low 
celling  clouds. 

FORECASTING  STRATUS  FORMATION 

The  use  of  the  plotted  sounding  to  forecast 
(he  formation  of  stratus  can  be  used  in  the  same 
manner  as  it  was  for  forecasting  the  formation 
01  tog.  The  lapse  rate  as  it  currently  exists  and 
inodifications  which  lake  place  must  be  taken 
into  consideration  to  determine  if  a  favorable 
type  ot  inversion  will  form. 

Fog  and  stratus  forecasting  are  so  closely  tied 
together  that  many  of  the  rule.s  and  conditions 
previously  mentioned  also  apply  to  .stratus. 

FORECASTING  STRATUS  DISSIPATION 

A  radiosonde  sounding  taken  during  the  time 
that  stratus  exists  will  show  an  inversion,  usually 
at  a  short  distance  above  the  surface.  The  base 
and  the  top  of  this  inversion  do  not  necessarily 
indicate  the  base  and  top  of  the  .stratus  layer 


Determining  the  Ba.se  and 
Top  of  a  Stratus  Uiyer 

One  of  the  llrst  .steps  m  forecasting  the 
dLssipation  of  .stratus  is  to  determine  the  thick- 
ness 01  the  stratus  layer.  The  procedure  is  as 
follow.s: 

1.  Determine  a  representative  mixing  ratio 
between  the  surface  and  the  base  of  the  in- 
version. 

2.  I'roject  this  mixing  ratio  line  upward 
Ihrough  the  .sounding. 

3.  The  intersection  of  the  average  mixing 
ratio  line  with  the  temperature  curve  gives  the 
iipproximaie  ba.se  and  maximum  top  of  the 
stratus  layer.  Point  A  in  figure  I  1-22  is  the  base 
of  ine  .stratus  layer,  and  point  B  is  the  maximum 
op  01  the  layer.  Point  A  is  the  initial  base  of  the 
layer;  but  as  heating  occurs  during  the  morning 
tlie  base  will  lift.  Point  B  rcpresent.s  the  maxi- 
mum top  of  the  .stratus  layer,  although  in  the 
very  early  morning  it  might  lie  closer  to  the  base 
ot  the  inversion.  However,  as  heating  occurs 
during  the  day.  the  top  of  the  stratus  layer  will 
al.so  rise  and  will  be  approximated  by  point  B.  If 
the  temperature  and  the  dewpoint  are  the  .same 
at  the  top  of  the  inversion,  the  stratus  will 
extend  to  this  level. 

To  determine  the  numerical  value  of  the  base 
and  the  top  of  the  stratus  layer  use  either  the 
method  previously  outlined  for  the  fog  or  the 
pres.sure  altitude  scale. 

Determining  Dissipation  Temperatures 

To  determine  the  temperature  neces.sary  for 
lie  dissipation  of  the  stratus  '-lyer  to  begin  and 
tor  the  dissipation  of  the  l  .atus  layer  to  be 
eomplo.te,  the  following  steps  are  followed: 

I.  From  point  A  in  figure  I  1-22  follow  the 
dry  iiidiabat  to  the  surface  level.  The  temperature 
of  the  dry  adiabat  at  the  surface  level  is  the 
temperature  re(|uired  to  be  reached  for  the 
stratus  dissipation  to  begin.  This  is  noint  C. 

2.  From  point  B  on  figure  11-22  follow  the 
dry  adiabat  to  the  .surface  level.  The  temperature 
of  the  dry  adiabat  at  the  surface  level  is  the 
surface  fomperature  required  for  the  dissipation 
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Fiaure  1 1-22  -Sounding  showing  the  base  and  the  top  of  stratus  layers.  Also  note  temperature 
'         at  which  dissipation  begins  and  temperature  when  dissipation  .s  complete. 


of  the  stratus  layer  to  be  complete.  This  is  point 
D. 

Determining  Time  of  Dissipation 

After  determination  of  the  temperatures 
necessary  for  stratus  dissipation  to  begin  and  be 
com'pleted,  a  forecast  of  the  time  these  tempera- 
tures will  be  reached  must  be  made.  If  available, 
use  diurnal  heating  curves.  Otherwise,  estimate 
the  length  of  time  for  the  required  amount  of 
heating  to  take  place;  and  on  the  basis  of  this 
estimate,  the  time  of  dissipation  may  be  tore- 
cast.  Remember  to  take  into  consideration  the 
absence  or  presence  of  cloud  layers  above  the 
Stratus  deck.  In  addition,  the  trajectory  of  the 
air  over  the  station,  if  from  a  water  surface,  can 
hold  temperatures  down  for  a  longer  than 
normal  period  of  time. 

ERIC 


One  rule  of  thumb  used  quite  widely  in  the 
dissipation  of  the  stratus  layer  is  to  estimate  the 
thickness  of  the  layer:  and  if  no  significant  cloud 
layers  are  present  above,  and  normal  heating  is 
expected,  forecast  the  dissipation  of  the  layer 
with  an  average  of  360  feet  per  hour  of  heating. 
In  this  way  an  estimate  can  be  made  of  the 
number  of  hours  required  to  dissipate  the  layer. 

FORECASTING  ADVECTION 
FOG  OVER  THE  OCEANS 

In  the  absence  of  actual  temperature  and 
dewpoint  data  and  with  a  stationary  high,  the 
method  is  as  follows  (a  southerly  tlow  is 
assumed): 

1 .  Pick  out  the  point  on  an  isobar  at  which 
the  highest  sea  temperature  is  present  (either 
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trom  the  chart  of  the  mean  monthly  sea 
temperatures  or  tlie  synoptic  cliart),  and  assume 
•hat  at  this  point  the  air  temperature  is  equal  to 
that  of  the  water  and  has  a  dewpoint  2  degrees 
lower. 

2.  Find  the  point  on  the  isobar  northward 
where  the  water  is  2  degrees  colder.  From  this 
point  on,  patches  of  light  fog  should  occur. 

3.  From  a  saturation  chart  such  as  shown  in  a 
pre^iious  section  of  this  chapter  fmd  how  much 
further  cooling  would  have  to  occur  to  give  an 
excess  over  saturation  of  0.4  gr/kg  and  also  2  0 
gr/kg.  The  first  represents  the  beginning  of 
moderate  fog  and  the  second  represents  drizzle. 

4.  As  the  air  continues  around  the  northern 
ridge  ol  the  high,  it  will  reach  its  lowest 
temperature,  and  from  then  on  will  be  subject  to 
warming.  The  pattern  then  will  be  drizzle  until 
the  excess  is  reduced  to  2.0  gr/kg  and  moderate 
fog  until  0.4  gr/kg  is  reached. 

If  actual  water  and  temperature  data  are 
available,  these  would  be  used  in  preference  to 
climatic  mean  data.  If  the  high  is  moving,  the 
trajectories  of  the  air  particles  will  have  fo  be 
calculated. 

This  method  was  used  with  considerable 
success  during  World  War  II  to  calculate  the 
southern  boundary  of  fog  areas.  However  the 
fog  IS  usually  less  widespread  than  the  calcula- 
tions indicate  and  drizzle  is  less  extensive.  Also, 
clearing  and  lifting  on  the  east  side  of  the  high  is 
slightly  faster.  This  method  appears  to  work  well 
in  the  summer  over  the  Aleutian  areas  where 
such  fcgis  frequent. 

FORECASTING  UPS LOPE  FOG 

Terrain  lifting  of  the  air  will  cause  adiabatic 
cooling  at  the  dry  adiabatic  rate  of  5  1/2°  F  per 
1,000  feet.  If  an  adequate  amount  of  lifting 
occurs,  fog  or  low  ceiling  clouds  will  form.  This 
is  u.sually  a  nighttime  phenomenon. 

The  procedures  for  determining  the  probabil- 
ities of  fog  or  low  ceiling  clouds  during  night- 
time hours  at  a  station  having  upslope  wind  are 
as  follows: 

1.  Forecast  the  amount  of  nocturnal  cooling. 

2.  To  determine  the  expected  amount  of  up- 
slope cooling: 

a.  Determine  the  approximate  number  of 
hours  between  sun.set  and  sunrise. 


b.  Estimate  the  expected  wind  velocity  for 
the  night  hours. 

c.  Multiply  a  by  b.  This  will  give  the 
distance  the  upslope  wind  will  move  during  the 
period  of  the  day  when  daylight  heating  cannot 
counteract  upslope  cooling. 

d.  Determine  approximate  terrain  eleva- 
tion difference  between  station  and  distance 
computed  in  c.  Elevation  difference  should  be  in 
thousands  and  tenths'  of  thousands  of  feet 
(Example,  2.5  thousand  feet.) 

e.  Multiply  elevation  difference  by  dry 
adiabatic  rate  of  cooling.  (Example,  2.5  times 
5.5  -  1 3.75°F  of  upslope  cooling.) 

3.  Add  expected  amount  of  upslope  cooling 
to  expected  nocturnal  cooling  for  net  expected 
cooling. 

4.  Determine  1530  LST  temperature- 
dewpoint  spread  at  station  under  consideration. 
If  the  expected  coohng  is  greater  than  the  1530 
LST  spread,  either  fog  or  low  ceiling  clouds 
should  be  expected.  Wind  velocity  will  deter- 
mine which  of  the  two  conditions  will  form. 

AIRCRAFT  ICING 

Aircraft   icing  is  another  of  the  weather 
hazards  to  aviation.  It  is  important  that  the  pilot 
be  informed  about  icing  because  of  the  serious 
effects  it  has  on  the  aircraft's  performance.  Ice 
on  the  airframe  decreases  lift  and  increases 
weight,  drag,  and  stalling  speed.  In  addition,  the 
accumulation  of  ice  on  exterior  movable  sur- 
faces affects  the  control  of  the  aircraft.  If  ice 
begins  to  form  on  the  blades  of  the  propeller, 
the  propeller's  efficiency  is  decreased  and  still 
further  power  is  demanded  of  the  engine  to 
maintain  flight.  Today,  though  most  aircraft 
have  sufficient  reserve  power  to  fly  with  a  heavy 
load  of  ice,  airframe  icing  is  still  a  serious 
problem  because  it  results  in  greatly  increased 
fuel  consumption  and  decreased  range.  Further 
the  possibility  always  exists  that  engine-system' 
icing  may  result  in  loss  of  power. 

The  total  effect  of  aircraft  icing  is  loss  of 
aerodynamic  efficiency;  loss  of  engine  power; 
loss  of  proper  operation  of  control  surfaces, 
brakes,  and  landing  gear;  lo.ss  of  aircrew's  out- 
side vision;  false  flight  instrument  indications; 
and  loss  of  radio  communication. 
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For  these  reasons,  it  is  important  that  the 
forecaster  be  alert  for  and  aware  of  the  condi- 
tions conducive  for  ice  formation  and  be  able  to 
accurately  forecast  th.e  possible  formation  of 
icing  in  flight  weather  briefings.  This  chapter 
covers  conditions  for  the  formation  of  icing, 
types  of  icing,  intensities  of  icing,  and  where 
icing  is  most  likely  to  be  found  as  well  as  basic 
icing  forecasting  techniques. 

SUPERCOOLED  WATER 
IN  RELATION  TO  ICING 

Two  basic  conditions  must  be  met  for  ice  to 
form  on  an  airframe  in  significant  amounts. 
First,  the  aircraft-surface  temperature  must  be 
colder  than  O^'C.  Second,  supercooled  water 
droplets,  liquid  water  droplets  at  subfreexing 
temperatures,  must  be  present.  Water  droplets  in 
the  free  air,  unlike  bulk  water,  do  not  freeze  at 
O^'C.  Instead,  their  free/.ing  temperature  varies 
from  an  upper  limit  near  -  lO^'C  to  a  lower  limit 
near  -40  ""C.  The  smaller  and  purer  the  droplets, 
the  lower  is  their  free/.ing  point.   When  a 
supercooled  droplet  strikes  an  object  such  as  the 
surface  of  an  aircraft,  the  impact  destroys  the 
internal  stability  of  the  droplet  and  raises  its 
freezing  temperature.  In  general,  therefore,  the 
possibility  of  icing  must  be  anticipated  in  any 
flight   through  supercooled  clouds  or  liquid 
precipitation  at  temperatures  below  freezing.  In 
addition,  frost  sometimes  forms  on  an  aircraft  in 
clear  humid  air  if  both  the  aircraft  and  air  are  at 
subfreezing  temperatures. 

PROCESS  OF  ICE  FORMATION 
ON  AIRCRAFT 

The  first  step  in  ice  formation  on  an  aircraft  is 
when  the  supercooled  droplets  strike  the  surface 
of  the  aircraft  and  as  the  droplet,  or  portion  of 
it,  freezes  it  liberates  the  heat  of  fusion.  Some  of 
this  liberated  heat  is  taken  on  by  the  unfrozen 
portion  of  the  drop,  its  temperature  is  thereby 
increased,  while  another  portion  of  the  heat  is 
conducted  away  through  the  surface  in  which  it 
lies.  The  unfrozen  drop  now  begins  to  evaporate 
due  to  its  increase  in  temperature,  and  in  the 
process  it  uses  up  some  of  the  heat  which  in  turn 
cools  the  drop.  Due  to  this  cooling  process  by 
evaporation  the  remainder  of  the  drop  is  frozen. 


Icing  at  0°C  will  occur  only  if  the  air  is  not 
saturated.  This  is  due  to  the  fact  that  the 
nonsaturated  condition  is  favorable  for  evapora- 
tion of  part  of  the  drop.  Evaporation  of  the 
drop  cools  the  drop  below  freezing,  and  ice 
formation  then  can  take  place. 

TYPES  OF  ICING 

There  are  three  basic  forms  of  ice  accumula- 
tion on  aircraft:  rime  ice,  clear  ice,  and  frost.  In 
addition,  mixtures  of  rime  and  clear  ice  are 
common.  The  type  of  icing,  clear  or  rime,  is 
dependent  primarily  upon  the  droplet  size. 

Some  of  the  factors  which  determine  icing 
types  are:  droplet  size,  liquid  water  content  (the 
amount  of  water  in  the  form  of  droplets  in  a 
gi'/en  volume  of  air),  temperature,  air  speed,  and 
size  and  shape  of  the  airfoil. 

Among  those  factors  favorable  for  dense 
structure  (like  clear  ice)  are:  High  water  content, 
large  droplet  size,  temperature  only  slightly 
below  freezing,  high  air  speed,  and  thin  airfoil. 
Because  of  these  numerous  variables,  it  should 
be  stressed  that  many  gradations  in  appearance, 
type,  and  structure  of  icing  may  often  be  found 
on  the  same  aircraft. 

Rime  Ice 

Rime  ice  is  a  rough  milky,  opaque  ice  formed 
by  the  instantaneous  freezing  of  small  super- 
cooled droplets  as  they  strike  the  aircraft.  The 
fact  that  the  droplets  maintain  their  nearly 
spherical  shape  upon  freezing  and  thus  trap  air. 
between  them  gives  the  ice  its  opaque  appear- 
ance and  makes  it  porous.  Rime  ice  occurs  at 
temperatures  below  -S""  to  -lO^'C,  althougli  it 
has  been  observed  between  -2''  and  -28''C. 
Rime  ice  is  most  frequently  encountered  in 
stratiform  clouds.  In  comparison  to  clear  ice,  it 
is  relatively  easy  to  get  rid  of  by  conventional 
methods,  even  though  it  distorts  the  airfoil  to  a 
larger  degree  than  does  clear  ice. 

Clear  Ice 

Clear  ice  is  a  glossy,  clear,  or  translucent  ice 
formed  by  relatively  slow  freezing  of  large 
supercooled  droplets.  The  large  droplets  spread 
out  over  the  airfoil  prior  to  complete  freezing. 
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rorming  a  sheet  of  clear  ice.  As  a  result  of  the 
spreading  of  this  supercooled  water  and  its  slow 
X  fieezing,  very  few  air  bubbles  are  trapped  within 
the  ice.  which  accounts  for  its  clearness.  Al- 
though clear  ice  is  expected  mostly  with  temper- 
atures between  0^  and  -lO^C,  it  does  occur 
with  temperatures  as  cold  as  -ZS^'C.  The 
atmospheric  conditions  which  produce  clear  ice 
are  encountered  most  frequently  in  cuniuliform 
clouds.  Clear  ice  also  forms  rapidly  on  aircraft 
while  flying  in  zones  of  freezing  rain  or  drizzle. 

Frost 

Frost  is  a  deposit  of  a  thin  layer  of  crystalline 
ice  that  forms  on  the  exposed  surfaces  of  parked 
aircraft  when  the  temperature  of  the  exposed 
surface  is  below  freezing  (while  the  temperature 
of  the  free  air  may  be  above  freezing).  The 
deposit  of  ice  forms  during  the  night  radiational 
cooling,  in  a  manner  similar  to  the  formation  of 
hoar  frost  on  the  ground.  Frost  may  also  form 
on  aircraft  in  flight  when  a  cold  aircraft 
descends  from  a  zone  of  freezing  temperatures 
into  a  warmer  moist  layer  below.  Frost  can 
cover  the  windshield  or  canopy  and  completely 
restrict  outside  vision.  During  penetration  for 
landing,  when  visible  moisture  or  high  relative 
humidity  exists,  frost  may  form  on  the  inner 
side  of  the  canopy.  This  can  be  a  definite  hazard 
if  no  preventive  action  is  taken. 

Frost  is  a  deceptive  form  of  icing.  It  affects 
the  lift-drag  ratio  of  an  aircraft,  and  is  a  definite 
hazard  during  takeoff.  All  frost  should  be 
removed  from  the  aircraft  prior  to  taking  off. 

INTENSITIES  OF  ICING 

There  are  four  intensities  of  aircraft  icing  that 
are  defined  meteorologically.  The  definition  of 
each  was  standardized  by  Naval  Weather  Service 
Command  Instruction  3140.4. 

Trace 

Ice  becomes  perceptible.  Rate  of  accumula- 
tion slightly  greater  than  the  rate  of  sublimation. 
It  is  not  hazardous  even  though  deicing/ 
anti-icing  equipment  is  not  used,  unless  en- 
countered for  an  extended  period  of  time  (over 
1  hour). 


Light 

The  rate  of  accumulation  may  create  a  prob- 
lem if  night  is  prolonged  in  this  environment 
(over  1  hour).  Occasional  use  of  deicing/ 
anti-icing  equipment  removes/prevents  accumu- 
lation. It  does  not  present  a  problem  if  the 
deicing/anti-icing  equipment  is  used. 

Moderate 

The  rate  of  accumulation  is  such  that  even 
short  encounters  become  potentially  hazardous 
and  use  of  deicing/anli-icing  equipment  or  diver- 
sion is  necessary. 

Severe 

The  rate  of  accumulation  is  such  that  deicing/ 
anti-icing  fails  to  reduce  or  control  the  hazard. 
Immediate  diversion  is  necessary. 

ICING  HAZARDS  NEAR  THE  GROUND 

Certain  icing  hazards  exist  on  or  near  the 
ground.  One  hazard  results  when  wet  snow  is 
falling  during  takeoff.  This  situation  can  exist 
w^hen  free  air  temperature  at  the  ground  is  near 
0  C.  The  wet  snow  sticks  tenaciously  to  aircraft 
components,  and  freezes  when  the  aircraft  en- 
counters markedly  colder  temperatures  during 
the  climb. 

If  not  removed  before  takeoff,  frost,  sleet, 
frozen  rain,  and  snow  accumulated  on  parked 
aircraft  are  operational  hazards.  Another  hazard 
arises  from  the  presence  of  puddles  of  water, 
slush,  and/or  mud  on  airfields.  When  the  air 
temperature  on  the  airframe  is  colder  than  O^'C, 
water  blown  by  the  propellers  or  splashed  by 
wheels  can  form  ice  on  control  surfaces  and 
windows.  Freezing  mud  is  particularly  dangerous 
because  the  dirt  may  clog  controls  and  cloud  the 
windshield. 

PHYSICAL  FACTORS  AFFECTING 
AIRCRAFT  ICING 

The  amount  and  rate  of  icing  depend  on  a 
number  of  meteorological  and  aerodynamic 
factors,  including  temperature,  the  amount  of 
liquid  water  in  the  path  of  the  aircraft,  the 
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fraction  of  this  liquid  water  collected  by  the 
aircraft  (the  collection  efficiency),  and  the 
amount  of  aerodynamic  heating. 

Temperature 

Temperature  has  a  direct  effect  on  the  frac- 
tion of  water  which  freezes  instantaneously  on 
impact.  When  a  large  droplet  strikes  the  aircraft 
with  temperature  just  below  freezing,  a  fraction 
of  the  water  is  carried  off  the  surface  and  a 
portion  freezes.  In  the  case  of  smaller  droplets, 
or  large  droplets  at  a  slightly  lower  temperature, 
the  entire  droplet  may  freeze  on  the  aircraft. 
The  temperature  range  in  which  ice  is  most 
likely  to  form  is  generally  from  0°  to  -20°C 
with  the  lower  limit  in  the  vicinity  of  -40°C. 
Supercooled  water  droplets  have  been  found  at 
temperatures  colder  than  -40°C  and  at  altitudes 
above  40,000  feet. 

Airflow  around  aircraft  surfaces  can  decrease 
the  free  air  temperature  in  some  cases  as  much 
as  2°C.  This  explains  the  fact  that  icing 
sometimes  takes  place  when  the  outside  free  air 
temperature  gage  indicates  temperature  slightly 
above  freezing. 

Liquid-Water  Content 

Under  icing  conditions,  the  liquid-water  con- 
tent in  the  cloud  is  the  most  important 
parameter  in  determining  the  ice  accumulation 
rate.  In  general,  v.he  lower  and  warmer  the  base 
of  the  cloud,  the  higher  is  its  water  content. 
Within  the  cloud,  the  average  liquid-water  con- 
tent increases  with  altitude  to  a  maximum  value 
and  then  decreases.  The  maximum  concentra- 
tion usually  occurs  at  a  lower  level  in  stratiform 
than  in  cumuliform  clouds,  and  the  average 
liquid-water  content  is  usually  less  than  that  of  a 
cumuliform  cloud. 

Droplet  Size 

Droplet  size  affects  the  collection  efficiency 
and  hence  the  icing  rate.  The  size  distribution 
and  median  size  of  the  droplets  in  a  cloud  are 
related  to  type,  depth,  and  age  of  the  cloud;  to 
the  strength  of  the  updrafts;  to  the  humidity  of 
the  air  mass;  and  to  other  factors.  Since  both  the 
liquid-water  content  and  droplet  size  are  gener- 


ally greater  in  cumuliform  clouds  than  other 
cloud  types,  it  would  seem  logical  that  cumuli- 
form clouds  should  be  particularly  conducive  to 
icing.  However,  the  effect  exerted  by  other 
variables,  such  as  the  speed,  shape,  and  size  of 
the  aircraft  components,  may  be  sufficiently 
great  for  meteorological  conditions  leading  to 
light  icing  for  one  type  aircraft,  to  result  in 
moderate  or  severe  icing  for  another. 

Collection  Efficiency 

The  icing  rate  depends  to  a  large  degree  upon 
the  collection  efficiency  of  the  aircraft  com- 
ponent involved.  The  fraction  of  liquid  water 
collected  by  the  aircraft  varies  directly  with 
droplet  size  and  aircraft  speed,  and  inversely 
with  the  size  or  geometry  of  the  collecting 
surface.  Those  components  having  a  large  radius 
(canopies,  thick  wings,  etc.)  deform  the  airflow 
more,  permitting  only  a  small  portion  of  the 
droplets  to  be  caught  on  the  surface. 

Aerodynamic  Heating 

This  is  a  rise  in  temperature  resulting  from 
adiabatic  compression  and  friction  as  the  aircraft 
penetrates  the  air.  The  amount  of  heating  varies 
primarily  with  the  speed  of  the  aircraft  and  the 
altitude  (air  density),  and  may  range  from 
approximately  1  degree  for  very  slow  aircraft  at 
low  altitudes  to  more  than  50  degrees  for 
supersonic  jets  at  low  altitudes.  Thus,  although 
it  is  frequently  stated  that  an  aircraft  flying 
through  any  supercooled  liquid-water  cloud 
must  anticipate  icing,  it  actually  is  necessary 
that  the  amount  of  supercooUng  exceed  the 
amount  of  aerodynamic  heating. 

DISTRIBUTION  OF  ICING 
IN  THE  ATMOSPHERE 

The  atmospheric  distribution  of  potential 
icing  zones  is  mainly  a  function  of  temperature 
and  cloud  structure.  These  factors,  in  turn,  vary 
with  altitude,  synoptic  situation,  orography, 
location,  and  season. 

Ahitude  and  Temperature 

Aircraft  icing  is  generally  limited  to  the  layer 
of  the  atmosphere  lying  between  the  freezing 
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level  and  the  -4(fc  isoiherin.  However,  icing 
has  occasionally  been  reported  at  temperatures 
colder  than  -40^C  is  the  upper  parts  of 
cumulonimbus  and  other  clouds.  In  general,  the 
frequency  of  icing  decreases  rapidly  with  de- 
creasing temperature,  becoming  rather  rare  at 
temperatures  below  -30^C.  The  normal  vertical 
temperature  distribution  is  such  that  icing  is 
usually  restricted  to  the  lower  30,000  feet  of  the 
troposphere.  The  types  of  icing  associated  with 
temperature  ranges  will  generally  be:  clear,  O^'C 
to  'JO^'C;  a  mixture  of  clear  and  rime  -  lO^'C  to 
-15  C;  rime  -I5Y  to  -20X  with  possible 
rime  at  lower  temperatures. 

Icing  in  Relation  to  Cloud  Type 

Stable  air  masses  often  produce  stratus  type 
clouds  with  extensive  areas  of  relatively  contin- 
uous icing  conditions.  Unstable  air  masses  gener- 
ally produce  cumulus  clouds  with  a  limited 
horizontal  extent  of  icing  conditions,  where  the 
pilot  can  expect  the  icing  conditions,  where  the 
pilot  can  expect  the  icing  to  become  more  severe 
at  higher  altitudes  in  the  clouds.  The  type  and 
amount  of  icing  will  vary  considerably  with  each 
type  cloud. 

STRATIFORM  CLOUDS.-Icing  in  middle- 
and  low-level  stratiform  clouds  is  confined,  on 
the  average,  to  a  layer  between  3,000  and  4,000 
feet  thick.  However,  pilots  frequently  encounter 
situations  where  multiple  layers  of  clouds  are  so 
close  together  that  visual  navigation  between 
layers  is  not  feasible.  In  such  cases  the  maximum 
depth  of  continuous  icing  conditions  rarely 
exceeds  6,000  feet.  The  intensity  of  icing 
generally  ranges  from  light  to  moderate  with  the 
maximum  values  occurring  in  the  upper  portions 
of  the  cloud.  Both  rime  and  mixed  icing  are 
observed  in  stratiform  clouds.  The  main  hazard 
lies  in  the  great  horizontal  extent  of  some  of 
these  cloud  deck,s.  High-level  stratiform  clouds 
are  composed  mostly  of  ice  crystals  and  give 
little  icing. 

CUMULIFORM  CLOUDS.'-The  zone  of 
probable  icing  in  cuinuliform  clouds  is  smaller 
horizontally  but  greater  vertically  than  in  strati- 
form clouds.  Icing  is  more  variable  in  cumuli- 
form  clouds  because  many  of  the  factors 
conducive  to  icing  depend  to  a  large  degree  on 
the  stage  of  development  of  the  particular 
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clouds.  Icing  intensities  may  range  from  gencr- 
ally  light  in  small  supercooled  cumulus  to 
moderate  or  severe  in  cumulus  congestus  and 
cumulonimbus.  The  most  severe  icing  occurs  in 
cumulus  congestus  clouds  just  prior  to  their 
change  to  cumulonimbus.  Although  icing  occurs 
at  all  levels  above  the  freezing  level  in  a  building 
cumulus,  it  is  most  intense  in  the  upper  half  of 
the  cloud.  Icing  is  generally  restricted  to  the 
updraft  regions  in  a  mature  cumulonimbus,  and 
to  a  shallow  layer  near  the  freezing  level  in  a 
dissipating  thunderstorm.  Icing  in  these  type 
clouds  is  usually  clear  or  mixed. 

CIRRIFORM  CLOUDS.^Aircraft  rarely  oc- 
curs in  cirrus  clouds,  even  though  some  of 
them  do  contain  a  small  proportion  of  water 
droplets.  However,  icing  of  moderate  intensity 
has  been  reported  in  the  dense  cirrus  and 
anvil-tops  of  cumulonimbus,  where  updrafts 
may  maintain  considerable  water  at  rather  low 
temperatures. 

Icing  in  Frontal  Zones 

About  85  percent  of  all  icing  conditions 
reported  are  associated  with  frontal  zones. 
Aerographer's  Mates,  therefore,  should  have  a 
thorough  knowledge  of  the  danger  areas  in  the 
frontal  zones  so  that  pilots  may  be  properly 
briefed.  The  basic  approach  to  forecasting  icing 
in  frontal  zones  is  to  relate  the  fronts  to  the 
cloud  types  in  them. 

Along  warm  fronts  the  stratified  cloud  system 
associated  with  the  upglide  of  warm,  moist  air 
over  a  warm  front  often  reaches  dangerous 
subzero  temperatures,  where  rime  or  glaze  icing 
will  occur.  If  the  warm  air  mass  is  conditionally 
unstable,  cumuliform  clouds  may  form.  These 
clouds  are  favorable  to  the  formation  of  glaze  of 
rime,  or  a  combination  of  them.  Figure  1 1-23 
shows  a  typical  warmfront  structure,  with  the 
most  probable  icing  zones  and  a  possible  flight- 
path  to  minimize  icing.  The  cloud  system  of  a 
warm  front  is  extensive.  A  flight  through  such  a 
system  is  a  long  one  and  the  icing  dangers  are 
therefore  increased. 

Cumuliform  clouds  are  associated  with  cold 
fronts.  Glaze  and  mixed  icing  must  therefore  be 
expected  in  them.  The  cloud  systems  are  usually 
relatively  narrow  as  compared  with  those  of  a 
warm  front,  and  the  time  spent  flying  through 
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Figure  11 -23. —Warm-front  Icing  condition. 
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LIMIT  OF  HEAVY  ICE 


Figure  11-24.— Icing  zones  along  a  cold  front. 
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them  is  shorter  However,  due  to  the  heavy 
precipitation,  icing  can  be  rapid  and  extremely 
dangerous,  even  though  it  is  of  short  duration. 
Figure  1 1-24  illustrates  a  typical  cold-front  icing 
situation. 

Occluded  fronts  present  less  of  an  icing 
hazard  because  precipitation  has  been  occurring 
for  some  time,  and  the  cloud  system  contains 


less  water.  However,  since  the  cloud  system  is 
extensive,  accumulation  can  still  be  dangerous. 

Orographic  Influences 

The  lifting  of  conditionally  unstable  air  over 
mountain  ranges  is  one  of  the  most  serious 
ice-producing  processes  experienced  in  the 
United  States.  When  mT  air  moves  northward 
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and  eastward  over  the  Appalachian  Mountains,  it 
is  often  cooled  lo  subtVeezing  temperatures.  An 
icing  hazard  exists  Tor  all  air  traffic  that  must 
travel  through  this  area.  Similarly,  niP  air  in 
winter,  approaching  the  west  coast  of  the  United 
Stales,  contains  considerable  moisture  in  its 
lower  levels.  As  it  is  forced  aloft  by  the 
successive  mountain  ranges  encountered  in  its 
eastward  movement,  severe  icing  zones  develop. 

The  movement  of  a  front  across  a  mountain 
brings  together  (wo  important  factors  that  aid  in 
tlie  formation  of  icing  zones.  A  study  of  icing  in 
the  Western  United  States  has  shown  that  almost 
all  the  ice  cases  occurred  where  the  air  was 
blowing  over  a  mountain  slope  or  up  a  frontal 
surface  or  both. 

The  most  severe  icing  zones  over  mountain- 
tops  will  be  above  the  crests  and  slightly  to  the 
windward  side  of  the  ridges.  Usually  the  icing 
zones  extend  about  4,000  feet  above  the  tops  of 
the  mountains.  In  the  case  of  unstable  air,  they 
may  extend  higher. 

OPERATIONAL  ASPECTS 
OF  AIRCRAFT  ICING 

Due  to  the  large  number  of  types  and 
different  configurations  of  aircraft,  this  discus- 
sion is  limited  to  the  general  types  of  aircraft 
rather  than  specific  models. 

Reciprocating-Engine  Aircraft 

Because  of  their  relatively  low  speed  and 
service  ceilings,  this  type  of  aircraft  is  more 
susceptible  to  icing  for  long  periods  of  time  than 
jet  aircraft.  Due  to  the  thick  wings,  canopies, 
and  other  features,  the  collection  efficiency  is 
smaller  than  those  of  the  trimmer  and  faster 
turbojet  aircraft.  However,  the  hazard  is  greater 
because  the  slower  speeds  produce  less  aero- 
dynamic heating  and  because  they  operate  for 
longer  periods  of  time  in  altitudes  and  areas 
more  conducive  to  icing. 

Propeller  icing  is  a  very  dangerous  form  of 
icing  for  this  type  airciaft  because  of  the 
tremendous  loss  of  power  and  vibration.  Pro- 
peller icing  varies  along  the  blade  due  to  the 
differential  velocity  of  the  blade  causing  a 
temperature  increase  from  the  hub  to  the 
propeller  tip.  Modern  propellers  have  deicers  of 


various  kinds  on  them.  However,  these  deicers 
are  curative,  not  preventive,  and  the  danger 
remains. 

Another  serious  icing  condition  exists  near 
the  airscoops,  carburetor  inlet  screens,  and  other 
induction  systems. 

Carburetor  icing  is  treacherous.  It  occure 
under  a  wide  range  of  temperatures  and  can 
result  in  complete  engine  failure.  Carburetor  ice 
forms  during  vaporization  of  fuel  combined  with 
the  expansion  of  air  as  it  passes  through  the 
carburetor.  Temperature  drop  in  the  carburetor 
can  be  as  much  as  40°C,  but  is  usually  :0''C  or 
less.  The  temperature  at  which  carburetor  icing 
will  form  depends  upon  many  factors  such  as 
relative  humidity,  type  of  gas  and  its  ingredients, 
and  the  type  of  carburetors. 

Turbojet  Aircraft 

These  high  speed  aircraft  generally  cruise  at 
altitudes  well  above  levels  where  severe  icing 
exists.  The  greatest  problem  will  be  on  takeoff, 
climb,  approach,  or  go-around-because  of  the 
greater  probability  of  encountering  supercooled 
water  droplets  at  low  altitudes.  Also,  the  re- 
duced speeds  result  in  a  decrease  of  aerodynamic 
heating. 

Turbojet  engines  experience  icing  both  ex- 
ternally and  internally.  All  exposed  surfaces  are 
subject  to  airframe  ice  as  wel!  as  is  the  inlet 
ducting  and  internal  elements.  Icing  can  occur  in 
the  inlet  duct  at  temperatures  well  above 
freezing  when  the  aircraft  is  operating  at  slow, 
low  altitud*^  speeds  or  on  the  ground. 

The  jet  aircraft  usually  has  little  concern 
about  structural  icing  except  possibly  on  land- 
ings, takeoffs,  climbs  and  when  operatmg  at 
slow  speeds  at  low  altitudes. 

Internal  icing  poses  special  problems  to  jet 
aircraft  and  jet  engines.  In  flights  through  clouds 
which  contain  supercooled  water  droplets,  air 
intake  duct  icing  is  similar  to  wing  icing. 
However,  the  ducts  may  ice  when  skies  are  clear 
and  temperatures  are  above  freezing.  While 
taxiing,  and  during  takeoff  and  climb,  reduced 
pressure  exists  in  the  intake  system  which  lowers 
temperatures  to  a  point  that  condensation  and/ 
or  sublimation  takes  place,  resulting  in  ice 
formation.  This  temperature  change  varies  con- 
siderably with  different  types  of  engines.  There- 
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fore,  if  the  free  air  temperature  is  lO^C  or  less 
(especially  near  the  freezing  point)  and  the 
relative  humidity  is  high,  the  possibility  of 
induction  icing  definitely  exists. 

Turboprop  Aircraft 

The  problems  of  aircraft  icing  for  this  type  of 
aircraft  combh^.e  those  associated  with  conven- 
tional aircraft  and  turbojet  aircraft.  Engine  icing 
problems  are  similar  to  those  encountered  by 
turbojet  aircraft  while  propeller  icing  is  similar 
to  that  encountered  by  conventional  aircraft. 

Rotary-Wing  Aircraft 

When  helicopters  do  encounter  icing  condi- 
tions, which  would  either  be  in  IFR  conditions 
or  when  flying  through  an  area  of  freezing  rain 
or  drizzle,  they  are  similar  but  more  hazardous 
than  fixed  wing  aircraft.  When  icing  forms  on 
the  rotor  blades  while  hovering,  conditions 
become  hazardous  because  the  helicopter  is 
operating  near  peak  operational  limits.  Icing  also 
affects  the  tail  rotor,  control  rods  and  links,  and 
air  intakes  and  filters. 

PRELIMINARY  CONSIDERATIONS 

The  first  phase  of  the  procedure  in  the 
preparation  of  an  aircraft  icing  forecast  consists 
of  making  certain  preliminary  determinations. 
These  are  essential  regardless  of  the  technique 
employed  in  making  the  forecast. 

Clouds 

Determine  the  present  and  forecast  future 
distribution,  type,  and  vertical  extent  of  clouds 
along  the  flightpath.  Clouds  can  be  analyzed  and 
forecast  using  the  information  contained  in 
surface  weather  observations,  radiosonde  obser- 
vations, pilot  reports,  and  surface  and  upper  air 
charts  using  synoptic  models,  physical  reasoning, 
and  empirical  studies.  The  influences  of  local 
effects  such  as  terrain  features  and  others  should 
not  be  overlooked. 

Temperatures 

Determine  those  segments  of  the  proposed 
flightpath  which  will  be  in  clouds  colder  than 


O^C.  A  reasonable  estimate  of  the  freezing  level 
can  be  made  from  the  data  contained  on 
freezing  level  charts,  constant-pressure  charts, 
radiosonde,  reconnaissance,  and  AIREP  observa- 
tions, or  by  extrapolation  from  surface 
temperatures. 

Precipitation 

Check  surface  reports  and  synoptic  charts  for 
precipitation  along  the  proposed  flightpath,  and 
forecast  the  precipitation  character  and  pattern 
during  the  flight— special  consideration  should 
be  given  to  the  possibility  of  freezing  pre- 
cipitation.^ 

Note  that  each  of  the  following  methods  and 
forecast  rules  assumes  that  two  ^asic  conditions 
must  exist  for  the  formation  of  icing.  These  are 
that  the  surface  of  the  aircraft  must  be  colder 
than  O^C.  and  that  supercooled  liquid-water 
droplets,  clouds,  or  precipitation  must  be 
present  along  the  flightpath. 

ICING  FORECAST 

Icing  Intensity  Forecasts 
From  Upper  Air  Data 

Check  upper  air  charts,  pilot  or  recon- 
naissance reports,  and  radiosonde  reports  for  the 
dawpoint  spread  at  the  flight  level.  A'  o  check 
the  upper  air  charts  for  the  type  of  temperature 
advection  along  the  route.  In  one  study  con- 
sidering only  the  dewpoint  spread  aloft,  it  was 
found  that  there  was  an  84  percent  probability 
that  there  would  be  no  icing  if  the  spread  were 
greater  than  3°C,  and  an  80  percent  probability 
that  there  would  be  icing  if  the  spread  were  less 
than  3^C. 

The  type  of  thcnnal  advection  or  the  presence 
of  building  cumuliform  clouds  taken  in  conjunc- 
tion with  the  dewpoint  spread  showed  a  definite 
association  between  the  two.  When  the  dew- 
point  spread  was  3^C  or  less  in  areas  of  warm 
air  advection  at  fiight  level,  there  was  a  67 
percent  probability  of  no  icing  and  a  33  percent 
probability  of  light  or  moderate  icing.  However, 
with  a  dewpoint  spread  of  3^C  or  less  in  a  cold 
frontal  zone,  the  probability  of  icing  reached 
100  percent.  There  was  also  a  100  percent 
probability  of  icing  in  building  cumuliform 
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clouds  when  the  dewpoint  spread  was  3°C  or 
less.  With  the  spread  greater  thaa  3°C,  light  icing 
was  probable  in  about  40  percent  of  the  region 
of  cold  air  advection  with  a  100  percent 
probability  of  no  icing  in  regions  of  warm  or 
neutral  advection.  However,  it  appears  on  the 
basis  of  further  experience  that  a  more  realistic 
spread  of  4''C  at  temperatures  near  -10°  to 
-I5°C  should  be  indicative  of  probable  clouds, 
and  that  spreads  of  about  2""  or  S^'C  should  be 
indicative  of  probable  icing.  At  other  tempera- 
tures use  the  values  in  the  following  rules: 

K  If  the  temperature  is: 

a.  0*^  to  -7°C,  and  the  dewpoint  spread  is 
greater  than  2''C,  there  is  an  80  percent  prob- 
ability of  no  icing  under  these  conditions. 

b.  -8°  to  -  I5°C,  and  the  dewpoint  spread 
is  greater  than  S^'C,  forecast  no  icing  with  an  80 
percent  chance  of  success. 

c.  -16°  to  -22°C,  and  the  dewpoint 
spread  is  greater  than  I^'C,  a  forecast  of  no  icing 
would  have  a  90  percent  chance  of  success. 

d.  Colder  than  -22°C,  forecast  no  icing 
regardless  of  what  the  dewpoint  spread  is  with 
90  percent  probability  of  success. 

2.  If  the  dewpoint  spread  is  2°C  or  less  at 
temperature  of  0°  to  -TC,  or  is  S^'C  or  less  at 
-8°  to-l5°C: 

a.  In  zones  of  neutral  or  weak  cold  air 
advection,  forecasting  light  icing  (75  percent 
probability). 

b.  In  zones  of  strong  cold  air  advection, 
forecast  moderate  icing  (80  percent  probability). 

c.  In  areas  with  vigorous  cumulus  buildups 
due  to  insolational  surface  heating,  forecast 
moderate  icing. 

Icing  Intensity  Forecasts 
From  Surface  Chart  Data 

!f  upper  air  data  and  charts  are  not  available, 
check  the  surface  charts  for  locations  of  the 
cloud  shields  of  fronts,  low-pressure  centers,  and 
precipitation  areas  along  the  route. 

Icing  hitcnsity  Forecasts 
From  Precipitation  Data 

Within  clouds  not  resulting  from  frontal 
activity  or  orographic  lifting,  over  areas  with 


steady  nonfreezing  precipitation,  forecast  little 
or  no  icing.  Over  areas  without  steady 
nonfreezing  precipitation,  particularly  cumuli- 
form  clouds,  forecast  moderate  icing. 

Icing  Intensity  from  Clouds  Due 
To  Frontal  or  Orographic  Lifting 

Within  clouds  resulting  from  frontal  or  oro- 
graphic lifting,  neither  the  presence  nor  the 
absence  of  precipitation  can  be  used  as  indica- 
tors of  icing. 

1 .  Within  clouds  up  to  300  miles  ahead  of  the 
warm  front  surface  position,  forecast  moderate 
icing. 

2.  Within  clouds  up  to  100  miles  behind  the 
cold  front  surface  position,  forecast  severe  icing. 

3.  Within  clouds  over  a  deep,  almost  vertical 
low-pressure  center,  forecast  severe  icing.  . 

4.  In  freezing  drizzle,  below  or  in  clouds, 
forecast  severe  icing. 

5.  In  freezing  rain  beSow  or  in  clouds,  fore- 
cast severe  icing. 

Types  of  Icing  Forecast 

The  foregoing  rules  refer  only  to  the  intensity 
of  icing  and  not  the  type.  The  following  rules 
apply  to  the  type  of  icing: 

I  Forecast  rime  icing  when  the  temperatures 
at  flight  altitudes  are  colder  than  -15°C,  or 
when  between  -1°  and  -15°C  in  stable  strati- 
form clouds. 

2.  Forecast  clear  icing  when  temperatures  are 
between  0°  and  -S^'C  in  cumuliform  clouds  and 
freezing  precipitation. 

3.  Forecast  mixed  rime  and  clear  icing  when 
temperatures  are  between  -9""  and  -15°C  in 
unstable  clouds. 

Example  of  Forecast  of  Icing 
From  Upper  Air  Diagram 

It  has  been  previously  pointed  out  how  the 
thickness  of  clouds,  as  well  as  the  top  of  the 
overcast,  may  be  estimated  with  accuracy  from 
the  dewpoint  depression,  its  behavior,  and  from 
changes  in  the  lapse  rate. 
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Figure  11-25.-An  illustration  of  the  analysis  of  cloud  type  and  icing  type  froin  an  upper  air  diagram. 


The  analysis  of  cloucl  type  and  icing  type 
from  an  upper  air  diragram  is  illustrated  in  figure 
11-25.  First  look  at  the  general  shape  of  the 
curve.  The  most  prominent  feature  is  the  inver- 
sion, showing  a  very  stable  layer  between  2,500 
and  3,000  feet.  Note  that  the  dewpoint  depres- 
sion is  less  than  one  degree  at  the  base  of  the 
inversion.  Moisture  exists  in  a  visible  form  at  this 
dewpoint  depression,  so  expect  a  layer  of 
broken  or  overcast  clouds  whose  base  will  be 
approximately  2,000  feet  and  will  be  topped  by 
the  base  of  the  inversion.  The  next  most 
prominent  feature  is  the  high  humidity,  as 
reflected  by  the  dewpoint  depressions,  at  8,000 


feet.  Since  the  dewpoint  depression  is  2^C,  a 
probability  of  clouds  exists  at  this  level.  There  is 
a  rapid  increase  in  the  dewpoint  depression  at 
17,000  feet  indicating  that  the  top  of  the  cloud 
layer  is  at  this  level.  We  would  then  assume  the 
cloud  layer  existed  between  8,000  and  17,000 
feet.  The  next  step  is  to  determine,  if  possible, 
the  type  of  clouds  in  between  these  levels.  If  this 
sounding  were  plotted  on  the  Skew  T,  you 
would  be  able  to  see  that  the  slope  of  the  lapse 
rate  between  8,000  and  12,000  feet  is  shown  to 
be  unstable  by  comparison  to  the  nearest  moist 
adiabat.  The  clouds  will  then  display  unstable 
cumuliform  characteristics.  Above  12,000  feet 
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Figure  11-26.-The": 

the  lapse  rate  ii;  shown  by  the  same  type 
comparison  to  be  stable,  and  the  elouds  there 
should  be  altostratus. 

Now  determine  the  freezing  level.  It  is  noted 
that  the  lapse  rate  erosses  the  O'T  temperature 
line  at  710  mb  approximately  9.500  feet.  Since 
it  has  been  determined  that  clouds  exist  at  this 
level,  the  temperatures  are  between  0"^  and 
-8^C.  and  the  clouds  are  cumuliforni.  forecast 
clear  ice  in  the  unstable  cloud  up  to  12.000  feet. 
Above  12,000  feet,  rl^e  clouds  are  stratiform.. so 
rime  icing  should  be  forecast.  The  intensity  of 
the  icing  would  have  to  be  determined  by' the 
considerations  given  in  the  previous  section  of 
this  chapter. 

Forecasting  Icing 
Using  the-8D  Method 

When  surface  charts,  upper  air  charts,  syn- 
optic and  airway  reports,  and  pilot  reports  are 
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not  clear  as  to  presence  and  possibility  of  icing, 
it  may  be  determined  from  Skew  T  by  the 
following  method: 

1.  Plot  the  temperature  against  pressure  as 
determined  from  a  raob  sounding. 

2.  Write  the  temperature  and  dewpoint  in 
degree.*:  and  tenths  to  the  left  of  each  plotted 
point. 

3.  Determine  the  difference  (in  degrees  and 
tenths)  between  the  temperature  and  dewpoint 
for  each  level.  This  difference  is  D.  the  dewpoint 
deficit:  it  is  always  taken  to  be  positive. 

4.  Multiply  D  by  -8  and  plot  the  product 
(which  is  in  degrees  Celsius)  opposite  the  cor- 
responding  temperature  point  at  the  appropriate 
place. 

5.  Connect  the  points  plotted  by  step  4  with 
a  dashed  line  in  the  manner  illustrated  in  figure 
11-26. 
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6.  The  icing  layer  is  outlined  by  the  area 
enclosed  by  the  temperature  curve  on  the  left 
and  the  -80  curve  on  the  right.  In  this  outlined 
area,  supersaturation  with  rcspcct  to  icc  exists. 
This  is  the  hatched  area  as  shown  in  figure 
11-26. 

7.  The  intensity  of  icing  is  indicated  by  the 
size  of  the  area  enclosed  by  the  temperature 
curve  and  the  -80  cun^e.  In  addition,  the  factors 
given  in  the  following  section  should  be  con- 
sidered when  formulating  the  icing  forecast.  The 
cloud  type  and  the  precipitation  observed  at  the 
raob  time  or  the  forecast  time  may  be  used  to 
determine  whether  icing  is  rime  or  glaze. 

The  factors  which  were  mentioned  in  the 
preceding  paragraph  which  go  into  making  the 
ice  forecast  are: 

K  When  the  temperature  and  the  dcwpoint 
coincide  in  the  raob  sounding,  the  -8D  curve 
must  fall  along  the  O^C  isotherm.  In  a  sub- 
freezing  layer,  the  air  would  be  saturated  with 
respect  to  water  and  supersaturated  with  respect 
to  ice.  Light  rime  icing  would  occur  in  the 
altostratus-ninbostratus  in  such  a  region,  and 
moderate  rime  icing  would  occur  in  cumulonim- 
bus virga  in  such  a  region.  Severe  clear  ice  would 
occur  in  the  stratocunuilus  virga,  cumulus  virga, 
and  stratus. 

2.  When  the  temperature  and  dcwpoint  do 
not  coincide  but  the  temperature  curve  lies  to 
the  left  of  the  -8D  curve  in  the  subfreezing 
layer,  the  layer  is  supersaturated  with  respect  to 
ice  and  probably  subsaturated  with  respect  to 
cloud  droplets.  If  the  clouds  in  this  layer  are 
altostratus,  altocumulus,  cunuilogenitus,  or  alto- 
cumulus virga,  only  light  rime  will  be  en- 
countered. If  the  clouds  are  cirrus,  cirrocunuilus. 
cirrostratas,  or  cirrus  nothus,  only  light  hoar- 
frost will  be  sublimated  on  the  aircraft.  In 
cloudless  regions,  there  will  be  no  supercooled 
droplets,  but  hoarfrost  will  form  on  the  aircraft 
through  direct  sublimation  of  water  vapor. 

3.  When  the  temperature  curve  lies  to  the 
right  of  the  -8D  curve  in  a  subfreezing  layer,  the 
layer  is  subsaturated  with  respect  to  both  ice 
and  water  surface.  No  icing  will  occur  in  this 
region. 


Forecasting  Icing  Using  Graphs 

Additional  graphs  and  overlays  for  upper  air 
diagrams  have  been  prepared  and  are  inv^luded  in 
the  Air  Weather  Service  Publication,  Forecaster's 
Guide  on  Aircraft  Icing,  AWSNM05-3^).  The 
diagrams  may  be  used  to  construct  locally 
prepared  charts  whereby  icing  conditions  may 
be  forecast  from  cloud  types,  temperatures, 
dcwpoint  .spreads,  and  other  information.  Tlri 
methods  are  much  too  elaborate  and  detailed  to 
cover  in  this  training  manual,  fhe  reader  is 
referred  to  the  above  publication  for  furrier 
information  on  this  subject. 

Modification  of  tlic  Icing  Forecast 

The  final  phase  is  to  modify  the  icing  forecast 
as  obtained  by  tlie  foregoing  methods.  This  is 
essentially  a  subjective  process.  The  forecaster 
should  consider  the  following  items:  probable 
intensification  or  weakening  of  synoptic 
features,  such  as  low-pressure  centers,  fronts, 
and  squall  lines  during  the  time  interval  between 
the  latest  data  and  the  forecast  tiine:  local 
influences,  such  as  geographic  location,  terrain 
features,  and  proximity  to  ocean  coastlines  or 
lake  shores,  radar  weather  observations:  pilot 
reports  of  icing:  and  the  like.  The  forecaster 
should  be  cautious  in  either  underforecasting  or 
overforecasting  the  amount  and  intensity  of 
icing.  An  overlo«"ocast  results  in  a  reduced 
payload  for  the  aircraft  due  to  increased  fuel 
load,  while  an  undcrforecast  may  result  in  an 
operational  emergency. 

TURBULENCE 

Turbulence  is  of  major  importance  to  pilots 
of  all  types  of  aircraft  and  therefore  also  to  the 
Aerographer's  Mate  whose  duty  it  is  to  recognize 
situations  where  turbulence  may  exist  and  to 
forecast  for  llight  operations  both  the  areas  and 
intensity  of  the  turbulence.  In  this  chapter,  the 
causative  factors,  classifications,  intensities,  and 
methods  of  forecasting  turbulence  will  be 
discussed. 

TURBULENCE  CHARACTERISTICS 

Turbulence  may  be  defined  as  irregular  and 
instantaneous  motions  of  air  which  is  made  up 
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of  a  number  of  snial!  eddies  thai  travel  in  the 
general  air  current.  Atmospheric  turbulence  is 
caused  by  random  lluctuations  in  the  windllow. 
Given  a  smoothly  analyx.ed  wind  field  with  bot!» 
streamlines  and  isolachs  smoothly  drawn,  any 
difference  between  an  actual  wind  and  this 
smooth  field  is  attributed  to  turbulence. 

To  an  aircraft  in  fiight.  the  atmosphere  is 
considered  turbulent  when  irregular  whirls  or 
eddies  of  air  affect  the  motion  of  the  aircrafi 
and  a  .series  of  abrupt  jolts  or  bumps  is  felt  by 
the  pilot.  Although  a  large  range  of  sizes  of 
eddies  exists  in  the  atmosphere,  those  causing 
bumpiness  are  roughly  of  the  .same  size  as  the 
aircraft  dimensions  and  usually  occur  in  an 
irregular  sequence  imparting  sharp  translation  or 
angular  motions  to  the  aircraft.  The  intensity  of 
th:;  disturbances  of  the  aircraft  varies  not  only 
with  the  intensity  of  the  irregular  motions  of  the 
atmosphere  but  also  with  aircrafi  characteristics 
such  as  fiight  speed,  weight  stability,  and  size. 

TYPES  OF  TURBULENCE 

The  atmosphere  is  always  and  everywhere 
turbulent,  but  ofien  the  intensity  of  turbulence 
is  so  small  that  it  has  a  negligible  effect  on 
aircraft  operations.  Large  intensities  of  tur- 
bulence are  to  be  expected  whenever  the  shear 
(horizontal  or  vertical)  is  large  or  wherever  we 
find  instability.  Turbulence,  for  the  purpose  of 
this  discussion,  is  divided  into  the  foilowing 
causative  factors: 

1.  Thermal  or  convective.  This  type  of  turbu- 
lence is  caused  by  localized  vertical  currents  due 
to  surface  heating  or  unstable  lapse  rates  and  by 
cold  air  moving  over  warmer  ground.  It  is  more 
pronounced  ^ver  land  than  water  and  in  the 
daytime  during  summer. 

2.  Meelianical.  Whenever  wind  speeds  near 
the  ground  are  high  enough,  shear  becomes 
significant,  causing  small  eddies  and  gusts.  The 
degree  of  turbulence  is  proportional  to  the 
roughness  of  the  surface  and  to  the  wind 
velocity.  The  higher  the  wind  velocity  and  the 
rougher  the  terrain,  the  greater  is  the  turbulence. 

3.  Frontal.  This  type  turbulence  results  from 
the  local  lifting  of  warm  air  by  cold  air  masses, 
or  the  abrupt  wind  shear  (shift)  associated  with 
most  cold  fronts. 


4.  Large  scale  wind  shear.  Marked  gnKlients 
in  wind  .speed  and/or  direction,  due  to  general 
variations  in  the  temperature  and  pressure  fields 
aloft,  are  the  primary  cause  of  this  type 
turbulence. 

Two  or  moio  of  the  causative  factors  ofien 
work  together.  In  addition,  turbulence  is  pro- 
duced by  "manniade"  phenomena,  such  as  in 
the  wake  of  an  aircrafi. 

PROPERTIES  OF  TURBULENCE 

Turbulence  Close  to  the  Ground 

Turbulence  close  to  the  gr(  und  is  a  combina- 
tion of  mechanical  and  conwjctive  turbulence. 
When  the  lapse  rate  is  neutjal  or  stable,  condi- 
tions are  simpler.  In  that  case,  only  mechanical 
turbulence  is  of  importance.  This  depends  on 
the  wind  speed  and  the  roughness  of  the  ground. 

In  the  case  of  mechanical  turbulence  close  to 
the  ground,  the  intensity  decreases  with  in- 
creasing height.  This  is  not  the  case  when  the 
mechanical  turbulence  is  mixed  with  convec- 
tion, as  for  example  behuul  a  cold  front.  In  that 
case  the  convective  clouds  indicate  rough  fiying 
up  to  considerable  height. 

Convection  differs  in  two  important  features 
from  mechanical  turbulence,  it  is  characterized 
by  larger  horizontal  wavelengths,  and  it  pro- 
duces much  stronger  lateral  fiuctuations. 

The  intensity  of  convective  turbulence  gener- 
ally increases  with  height,  reaching  a  maximum 
in  the  upper  half  of  convective  clouds.  This 
increase  will  be  stopped  by  inversions. 

To  summarize,  the  most  intense  turbulence 
and  gustiness  near  the  ground  occur  under 
conditions  of  unstable  lapse  rates,  strong  winds, 
and  rough  ground. 

Turbulence  in  Cumulus  Clouds 

The  appearance  of  cumulus  clouds  makes  the 
presence  of  a  great  deal  of  turbulence  apparent. 
In  general,  the  taller  the  cloud,  the  more 
turbulence  there  is.  Although  the  initiating 
mechanism  in  cumulus  type  turbulence  is  ther- 
mal instability,  much  of  the  roughness  is  caused 
by  smaller  eddies  produced  by  the  large  shears 
between  up  and  down  drafi.s. 
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intermingling  of  dovvnclrai'ts  with  the  original 
updrafts  results  in  severe  turbulence,  particularly 
at  the  boundary  between  regions  of  precipita- 
tion and  regions  of  no  precipitation.  The  same 
result  is  also  confirmed  by  radar  studies  of 
thunderstorms  made  in  this  country  and  in  England: 
severe  turbulence  occurs  in  regions  of  strong  echoes, 
and  particularly  in  regions  of  sharp  boundaries  of 
echoes.  Ilence,  as  has  been  proved  recently,  radar  is 
an  excellent  aid  for  the  avoidance  of  extremely  tur- 
bulent conditions  in  flights  through  thunderstorms* 

The  intensity  of  turbulence  in  thunderstorms 
seems  to  increase  with  height  well  past  the 
middle  of  the  clouds.  The  Thunderstortn  Project 
found  the  maximum  effect  of  turbulence  on 
aircraft  occurred  between  15.000  feet  and 
20.000  feet.  The  actual  turbulent  velocities  may 
increase  to  even  greater  elevations,  but  have  less 
effect  on  aircraft  because  the  air  density  is  lower 
at  higher  levels. 

In  the  last  stage  of  the  thunderstorm,  the  air 
subsides  and  the  storm  dissipates  without  any 
indication  of  severe  turbulence. 

The  intensity  of  turbulence  in  cumulus  clouds 
depends  on  the  difference  between  the  tempera- 
tures inside  and  outside  the  cloud. 

Present  methods  of  estimating  turbulence 
expected  in  cumulus  type  clouds  before  the 
clouds  have  formed  generally  make  use  of  the 
relation  between  temperature  differences. 

Turbulence  in  the 
Vicinity  of  Fronts 

Frontal  turbulence  is  caused  by  the  lifting  of 
warm  air  by  a  frontal  surface  leading  to  instabil- 
ity and/or  mixing  or  shear  between  the  warm 
and  cold  air  masses,  fhe  vertical  currents  in  the 
warm  air  are  strongest  when  the  warm  air  is 
moist  and  unstable.  The  most  severe  cases  of 
frontal  turbulence  are  generally  associated  with 
fast  moving  cold  fronts  or  squall  lines.  In  these 
cases,  mixing  between  two  air  masses  as  well  as 
the  differences  in  wind  speed  and/or  direction 
(wind  shear)  add  to  the  intensity  of  the 
turbulence. 

Excluding  the  turbulence  that  would  be  on- 
countered  along  the  front,  figure  11-27  illus- 
trates the  wind  shift  that  contributes  to  the 
formation  of  turbulence  across  a  typical  cold 
front.  As  a  general  rule,  the  wind  speed  is 
stronger  in  the  colder  air  mass. 


\ 


COLD  FRONT  AT  SURFACE 

AG.634 

Figure  11 -27. -Turbulence  across  a  typical  cold  front. 

Wind  Shears  and  Clear 
Air  Turbulence 

A  relatively  steep  gradient  in  wind  velocity 
along  u  given  line  or  direction  (either  vertical  or 
horizontal)  produces  churning  motions  (eddies) 
which  result  in  turbulence.  The  greater  the 
change  of  wind  speed  and/or  direction  in  the 
given  direction,  the  more  severe  will  be  the 
turbulence.  Turbulent  flight  conditions  are  often 
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found  in  tlio  vicinity  of  the  jetstream  where 
large  shears  in  the  horizontal  and  vertical  are 
found.  Since  this  type  of  turbulence  may  occur 
is  perfectly  clear  air  without  any  visual  warning 
in  the  form  of  clouds,  it  is  often  referred  to  as 
clear  air  turbulence. 

The  term  ''clear  air  turbulence"  is  misleading 
because  not  high  level  turbuk  ice  included  in 
this  classification  occurs  in  clear  air.  However, 
the  majoiity  75  percent  is  found  in  cloud-free 
atmosphere.  Clear  air  turbulence  is  not  neces- 
sarily limited  to  the  vicinity  of  the  Jetstream, 
and  may  occur  in  isolated  regions  of  the 
atmosphere.  Most  frequently,  the  clear  air  turbu- 
lence is  associated  with  the  jetstream  and  the 
mountain  wave.  However,  it  may  also  be  asso- 
ciated with  a  closed  low  aloft,  a  sharp  trough 
aloft,  and  an  ailvancing  cirrus  shield.  Too. 
narrow  zone  of  wind  j>hear.  with  itb  accompany- 
ing turbulence,  is  sometnnes  encountered  by 
aircrews  as  they  climb  or  descend  through  a 
temperature  inversion.  Moderate  turbulence  may 
also  be  encountered  momentarily  when  passing 
through  the  wake  of  another  aircraft. 

The  criteria  for  each  type  of  clear  air  turbu- 
lence (CAT)  are: 

1.  Mountain  wave  CAT.  Winds  25  knots  or 
greater,  normal  to  terrain  barriers  and  the 
presence  of  significant  surface  pressure  differ- 
ences across  such  barriers. 

2.  Trough  CAT.  That  portion  of  a  trough 
which  has  horizontal  vector  sliear  across  it  of  the 
magnitude  of  25  knots  in  90  nautical  miles  or 
greater. 

3.  Closed  low  aloft  CAT.  The  circulation 
around  the  closed  low  aloft  may  be  accom- 
panied by  the  shears  necessary  to  produce  CAT. 
If  the  flow  is  merging  or  splitting,  moderate  or 
severe  CAT  can  be  encountered.  Also  to  the 
northeast  of  a  cutoff  low  aloft,  significant  CAT 
can  be  experienced.  Just  as  with  the  jetstream 
CAT.  the  intensity  of  the  turbulence  is  related 
to  the  strength  of  the  shears. 

4.  Wind  shear  CAT.  Those  zones  in  space  in 
which  wind  speeds  are  60  knots  or  greater,  and 
both  horizontal  and  vertical  shear  exist  accord- 
ing to  the  following  criteria  with  intensities 
indicated  in  table  I  1-2. 

No  provision  is  made  for  light  CAT  because 
light  turbulence  serves  only  as  a  llight  nui.sance. 


Table  11-2.-Wind  sheer  CAT  with  wind  speed 
60  knots  or  greater. 


Horizontal 

shear 
(naut/mi) 

Vertical 
shear 
(per  1,000  ft) 

CAT 
intensity 

25k/90 

9-l2k 

Moderate. 

25k/90 

12-1 5k 

Moderate, 

at  times 

severe. 

2bk/90 

above  15k 

Severe. 

Any  of  the  above  situations  can  produce  moder- 
ate to  severe  clear  air  turbulence.  However,  the 
combination  of  two  or  more  of  the  conditions  is 
almost  certain  to  produce  severe  or  even  ex- 
treme CAT.  A  Jetstream  may  be  combined  with 
a  mountain  wave,  or  be  associated  with  a 
merging  or  splitting  low. 

Turbulence  on  the  Lee 
Side  of  Mountains 

When  strong  winds  blow  approximately  per- 
pendicular to  a  mountain  range,  the  resulting 
turbulence  may  be  quite  severe.  Associated  areas 
of  steady  updraft  and  downdraft  may  extend  to 
heights  from  2  to  20  times  the  height  of  the 
mountain  peaks.  Under  these  conditions  when 
the  air  is  stable,  large  waves  tend  to  form  on  the 
lee  side  of  the  mountains  and  extend  up  to  the 
lower  stratosphere  for  a  distance  up  to  100  miles 
or  more  downwind.  They  are  referred  to  as 
standing  waves  or  mountain  waves  and  may  or 
may  not  be  aceonipanied  by  turbulence.  Some 
pilots  have  reported  that  How  in  these  waves  is 
often  remarkably  smooth  while  others  have 
reported  severe  turbulence.  The  structure  and 
characteristics  of  the  mountain  wave  were 
presented  in  chapter  5  of  this  training  manual. 
Refer  back  to  the  diagram  in  that  chapter  for  a 
typical  vertical  illustration. 

The  windflow  normal  to  the  mountain 
produces  a  primary  v/ave  and  generally  less 
inten.se  additional  waves  farther  downwmd.The 
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cliaracteribtic  cloud  patterns  may  or  may  not  be 
present  to  identify  the  wave.  The  pilot  for  the 
most  part  is  concerned  with  the  primary  wave 
because  of  its  more  mtcube  action  and  proximity 
to  the  high  mountainoub  terrain.  Severe  turbu- 
lence frequently  can  be  found  out  to  150  miles 
downwind,  when  the  winds  are  greater  than  50 
knots  at  the  mountaintop  level.  Moderate  turbu- 
lence often  can  be  experienced  out  to  300  miles 
under  the  previously  stated  conditions.  When 
winds  are  less  than  50  knots  at  the  mountain 
peak  level,  a  lesser  degree  of  turbulence  may  be 
experienced. 

Some  of  the  most  dangerous  features  of  the 
mountain  wave  are  the  turbulence  in  and  below 
the  roll  cloud,  the  downdrafts  just  to  the  lee  side 
of  the  mountain  peaks  and  to  the  lee  side  of  the 
roll  clouds.  The  cap  cloud  must  be  always 
avoided  in  tlight  because  of  turbulence  and 
concealed  mouniain  peaks. 

These  six  .  ules  listed  have  been  suggested  for 
flights  over  Mountain  ranges  where  waves  exist. 

1.  The  pilot  should,  if  possible,  fly  around 
the  area  when  wave  conditions  exist.  If  this  is  not 
feasible,  he  should  fly  at  a  level  which  is  at  least 
50  percent  higher  than  the  height  of  the 
mountain  range. 

2.  The  pilot  should  avoid  the  roll  clouds  since 
these  are  the  areas  with  the  most  intense 
turbulence. 

3'.  The  pilot  should  avoid  the  strong  down- 
drafts  on  the  Ice  side  of  ths  mountain. 

4.  He  should  also  avoid  high  lenticular 
clouds,  particularly  if  their  edges  are  ragged. 

5.  The  pressure  altimeter  may  be  as  much  as 
1,000  feet  off,  near  the  mountain  peaks. 

6.  The  airspeeds  recommended  for  the  air- 
craft should  be  observed  in  penetration  of  the 
turbulent  areas. 

CLASSIFICATION  AND  INTENSITY 
OF  TURBULENCE 

COM  N  AVWEASBRVCOM  INSTRUCTION 
3140.4  sets  forth  a  common  set  of  criteria 
describing  the  meteorological  characteristics 
with  which  the  respective  classes  of  turbulence 
are  typically  associated  in  that  the  weather 
forecaster  may  evaluate  and  forecast  degrees  of 


atmospheric  turbulence  uniformly  throughout 
the  Naval  Weather  Service. 

This  instruction  l^irther  states  that  the  Gust 
Criteria  shown  in  the  Turbulence  Criteria  Table 
(table  1 1-3)  be  adopted  as  standard  and  that  the 
idealized  descriptions  entitled  Guide  to  Turbu- 
lence Classes  as  Typically  Associated  with  Me- 
teorological Conditions  be  adopted  as  a  guide 
for  meteorologists  torecasting  turbulence.  There- 
tore,  Naval  Weather  Service  Units  must  adopt  as 
standard  the  Gust  Criteria,  and  utilize  the  guide 
to  turbulence  classes  as  a  guide  in  forecasting 
turbulence. 

Guide  to  Turbulence  Classes 

As  typically  associated  with  meteorological 
conditions,  the  following  is  a  guide  to  classifi- 
cation of  turbulence. 

EXTREME  TURBULENCE,  -This  rarely  en- 
countered condition  is  u.sually  confined  to  the 
strongest  forms  of  convection  and  wind  shear, 
such  as: 

1.  In  mountain  waves  in  or  near  the  rotor 
cloud  (or  rotor  action)  usually  lound  at  low 
level  leeward  of  the  mountain  ridge  when  the 
wind  component  normal  to  the  ridge  exceeds  50 
knots  near  the  ridge  level. 

2.  In  severe  thunderstorms  where  available 
energy  indicates  the  production  of  large  haii 
(three-fourths  inch  or  more),  strong  radar  echo 
gradients  or  almost  continuous  lightning.  It  is 
more  frequently  encountered  in  organized  squall 
lines  than  in  isolated  thunderstorms. 

SEVERE  TURBULENCE.-"In  addition  to  the 
situations  where  extreme  turbulence  is  found, 
severe  turbulence  may  also  be  found: 

1 .  In  mountain  waves: 

a.  When  the  wind  component  normal  to 
the  ndge  exceeds  50  knots  near  the  ridge  level: 
at  the  tropopause  up  to  150  miles  leeward  of  the 
ridpc.  (A  reasonable  mountain  wave  turbulence 
layer  is  about  5,000  feet  thick.) 

b.  When  the  wind  component  normal  to 
the  ndge  is  25-50  knots  near  the  ndge  level:  up 
to  50  miles  leeward  of  the  ridge,  from  the  ridge 
level  up  to  .several  thoM.sand  feet  above  and  at 
the  base  of  relatively  stable  layers  below  the 
tropopause. 
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Table  1 V3.— Turbulence  criteria 


TRANSPORT  AIRCRAFT^/ 
OPERATIONAL  CRITERIA-'^ 

GUST  CRITERIA 

Adjectival 
clciss 

Airframe 

ilillltb'*^ 

Descriptive 

Air  Speed 
fluctuation 

Derived  gusto  / 
velocities  (U^g)- 
the  order  of 

Light 

Not  specified 

A  turbulent  condition  during 
which  occupants  may  be 
required  to  use  seat  belts, 
but  objects  in  the  aircraft 
remain  at  rest. 

5  to  15 
knots 

5  to  20  fps 

Moderate 

Not  specified 

A  turbulent  condition  in 
which  occupants  require 
seat  belts  and  occasion- 
ally are  thrown  against 
the  belt.   Unsecured  ob- 
jects in  the  aircraft  move 
about. 

15  to  25 
knots 

20  to  35  fps 

Severe 

Not  specified 

A  turbulent  condition  in 
which  the  aircraft  mo- 
mentarily may  be  out  of 
control.   Occupants  are 
thrown  violently  against 
the  belt  and  back  into  the 
seat.  Objects  not  secured 
in  the  aircraft  are  tossed 
about. 

More  than 
25  knots. 

35  to  50  fps 

Extreme 

a.  Positive 
and  negative 
gusts  greater 
than  50  ffls  (Ude) 
at  Vq4/ between 
sea  level  and 
20, 000  ft  for 
transport  cate- 
gory aircraft. 

b.  Positive 
and  negative 
gusts  greater  0/ 
than  30  fps  (UeP 
at  all  speeds  up 
tcfVc  for  normal, 
acrobatic,  and 
utility  aircraft. 

A  rarely  encountered  tur- 
bulent condition  in  which 
the  aircraft  is  violently 
tossed  about,  and  is  prac- 
tically impossible  to  con- 
trol.  May  cause  structural 
damage. 

rapid 

fluctuations 
in  excess  of 
25  knots 

more  than  50  fps 
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Table  11-3.-Turbulence  criteria-Continued. 


-  As  derived  from  the  Flight  Loads  section  CAM  4b,  Airplane  Airworthiness,  Trans- 
port Categories  (May  1960);  and  CAM  3  Airplane  Airworthiness:  Normal,  Utility, 
and  Acrobatic  Categories  (Nov.  1959)  of  Civil  Air  Regulations. 

2/ 

Aircraft  Turbulence  Criteria  developed  by  NACA  Subcommittee  on  Meteorological 
Problems  (May  1957). 
3/ 

-  Ug  approximately  equals  3/5  U^^. 
4/ 

-  is  the  design  cruising  speed. 


2.  In  and  near  mature  thunderstorms  and 
occasionally  in  towering  cumuHform  clouds. 

3.  Near  jetstreams  within  hiyers  characterized 
by  horizontal  wind  shears  greater  than  16 
knots/degree  latitude  (40  knots/ 150  nautical 
miles)  and  vertical  wind  shears  in  excess  of  6 
knots/ KOOO  feet.  When  such  layers  exist  favored 
locations  are  below  and/or  above  the  jet  core 
and  from  roughly  the  vertical  axis  of  the  jet  core 
to  about  50  or  100  miles  toward  the  cold  side. 

MODERATE  TURBULENCE. -In  addition  to 
the  situations  where  extreme  and  severe  turbu- 
lence are  found,  moderate  turbulence  may  also 
be  found: 

1 .  In  mountain  waves: 

a.  When  the  wind  component  normal  to 
the  ridge  exceeds  50  knots  near  the  ridge  level: 
between  the  surface  and  about  10.000  feet 
above  the  tropopause  from  the  ridge  line  to  as 
much  as  300  miles  leeward. 

b.  When  the  wind  component  normal  to 
the  ridge  is  25-50  knots  near  the  ridge  level, 
between  the  surface  and  the  tropopause  from 
the  ridge  line  to  as  much  as  150  miles  leeward. 

2.  In,  near,  and  above  thunderstorms  and  in 
towering  cuniuliform  clouds. 

3.  Near  jetstreams  and  in  upper  trough,  cold, 
low,  and  front  aloft  situations  where  vertical 
wind  shears  exceed  6  knots/1,000  feet  or  hori- 
zontal wind  shears  exceed  7  knots  per  1  degree 
latitude. 

4.  At  low  altitude  (usually  below  5,000  feet 
above  the  surface)  when  surface  winds  exceed 


25  knots  or  the  atmosphere  is  unstable  because 
of  strong  insolation  or  cold  advection. 

LIGHT  TURBULENCE. -In  addition  to  the 
situations  where  more  intense  classes  of  turbu- 
lence occur,  the  relatively  common  class  of  light 
turbulence  may  be  found: 

1.  In  mountainous  areas  even  with  light 
winds. 

2.  In  and  near  cumulus  clouds. 

3.  Near  the  tropophase. 

4.  At  low  altitudes  when  winds  are  under  15 
knots  or  where  the  air  is  colder  than  the 
underlying  surface. 

FORECASTING  TURBULENCE 
CLOSE  TO  THE  GROUND 

Over  land  at  nighttime  there  is  very  httle 
turbulence  close  to  the  ground.  The  only  ex- 
ception is  the  case  of  high  wind  speeds  over 
rough  terrain.  This  kind  of  turbulence  decreases 
with  increasing  height. 

During  the  day  turbulence  close  to  the  ground 
depends  on  the  radiation  intensity,  the  lapse 
rate,  and  the  wind  speed.  Turbulent  intensities 
tend  to  increase  with  height  throughout  the 
unstable  and  neutral  layers  above  the  ground  up 
to  the  first  inversion  or  stable  layer.  Similar 
turbulence  occurs  in  fresh  polar  outbreaks  over 
warm  waters. 

Vertical  gustiness  increases  with  height  more 
rapidly  than  horizontal  gustiness. 

Situations  for  particularly  violent  turbulence 
near  the  ground  occur  shortly  after  cold  front 
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passages,  expecially  over  roiigli  ground.  Other 
examples  of  rough  air  are  conditions  over  deserts 
on  hot  days  and  thunderstorms. 

Peak  gusts  at  the  surface  can  be  estimated  to 
be  csscjitially  equal  to  the  wind  at  gradient  level 
(except  in  thunderstorms). 

FORECASTING  TURBULENCE 
IN  CONVECTIVE  CLOUDS 

In  this  section,  methods  for  determining  the 
type  and  intensity  of  turbulence  in  convective 
clouds  after  the  characteristics  of  the  upper  air 
sounding  have  been  determined  are  discussed. 

Eastern  Airlines  Method 

In  the  absence  of  any  dynamic  influences 
which  might  serve  to  drastically  modify  the 
vertical  temperature  and  moisture  distribution, 
radiosonde  data  on  hand  may  be  used  to 
evaluate  the  turbulence  potential  of  convective 
clouds  or  thunderstorms  for  periods  up  to  24 
hours.  The  following  is  one  procedure  for 
predicting  turbulence  in  such  clouds.  The  ma- 
terial used  in  this  section  is  reproduced  by 
pennission  of  the  Academic  Press,  from  the 
book.  Weather  Forecasting  for  Aeronautics,  by 
J.  J.  George  and  Associates.  Such  permission  is 
gratefully  acknowledged. 

The  technique  is  as  follows: 

1.  Determine  the  CCL. 

2.  From  the  CCL.  proceed  along  the  moist 
adiabat  to  the  400-mb  level.  This  is  the  updraft 
curve. 

3.  Compare  the  departure  of  the  updraft 
curve  with  the  free  air  temperature  curve  and 
note  that  value  of  maximum  positive  departure 
up  to  400-nib.  For  positive  values,  the  updraft 
curve  should  be  warmer  than  the  free  air 
temperature  curve.  The  value  of  the  maximum 
positive  departure  obtained  in  this  step  is  re- 
ferred to  as  AT. 

Table  11-4  is  based  on  several  years  relating 
AT  values  to  commercial  pilot  reports  of  thun- 
derstorm turbulence,  and  can  be  used  to  predict 
the  degree  of  turbulence  in  air  mass  thunder- 
storms. 


Table  114.— Relation  of  maximum  positive 
departure  to  thunderstorm  turbulence. 


AT  CO 

Turbulence 

0-3 

Light 

4-6 

Moderate 

7-9 

Severe 

Above  9 

Extreme 

This  method  of  forecasting  thunderstorm 
turbulence  is  almost  exclusively  confi.ned  to  the 
warmer  months  when  frontal  cyclonic  activity  is 
at  a  minimum.  During  the  cooler  months, 
frontal  and  cyclonic  influences  may  cause  rapid 
changes  in  the  vertical  distribution  of  temper- 
atures and  moisture  and  some  other  methods 
have  to  be  u.sed. 

Other  Methods 

Various  other  methods  utilized  in  forecasting 
turbulence  have  been  developed.  A  National 
Weather  Service  method  employing  an  overlay 
on  the  plotted  upper  air  sounding  diagram  is 
one.  The  Air  Force  uses  a  modification  of  the 
Eastern  Airlines  Method  in  which  the  atmos- 
phere is  divided  into  two  layers-surface  to 
9,000  feet  MSL  and  above  9,000  feet  MSL. 

These  methods  are  discussed,  with  examples, 
in  NAVAER  50-IP-546.  An  Introduction  to 
Atmo.spheric  Turbulence.  Forecasters  should 
refer  to  this  publication  for  further  under- 
standing of  them. 

FORECASTING  CLEAR 
AIR  TURBULENCE 

Clear  air  turbulence  (CAT)  poses  as  one  of  the 
most  comm  in-flight  hazards  encountered  by  the 
modem  high  altitude,  high  performance  aircraft. 

Not  all  high  level  turbulence  occurs  in  clear 
air.  However,  the  rough  cobblestone  type  of 
bumpiness  does  occur  in  clear  air  or  the  cloud- 
less portion  of  the  sky,  without  visual  warning. 
The  turbulence  may  be  violent  enough  to 
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disrupt  tactical  operations  and  possibly  cause 
serious  aircraft  stress. 

Most  cases  of  clear  air  turbulence  at  high 
altitudes  can  be  associated  with  the  Jetstream  or 
more  specifically  with  abrupt  vertical  wind 
shear.  They  are  experienced  most  frequently 
during  the  winter  months  when  the  Jetstream 
winds  are  the  strongest. 

The  association  of  clear  air  turbulence  with 
recognizable  synoptic  features  meets  only  with 
limited  success.  However,  using  the  following  as 
general  areas  where  CAT  may  occur,  flight  crews 
should  be  briefed  as  to  the  possibility  of  its 
occurrence: 

1.  In  general,  in  any  region  along  the  Jet- 
stream axis  where  wind  shear  appears  to  be 
strong  horizontally,  vertically,  or  both. 

2.  In  the  vicinity  of  the  travelingjet  maxima, 
particularly  on  the  cyclonic  side;  most  occur- 
rences of  moderate  and  severe  clear  air  turbu- 
lence have  been  reported  in  this  area. 

3.  In  the  Jetstream  front,  below,  and  to  the 
south  of  the  core, 

4.  Near  35,000  feet  in  cold  deep  troughs. 

Mountains  wave  turbulence  should  be  forecast 

if: 

1.  The  flow  at  and  above  mountaintop  level 
is.  approximately  constant  in  direction  and 
nearly  at  right  angles  to  a  mountain  barrier 
having  a  steep  lee  slope. 

2.  The  wind  at  mountaintop  level  exceeds  25 
knots. 

3.  There  is  a  rapid  increase  in  wind  speed 
with  altitude  in  the  level  of  the  mountain  range 
and  for  several  thousand  feet  above  of  at  least 
30  knots  for  weak  wave  development,  and  at 
least  50  knots  for  strong  wave  development.  (A 
peak  in  the  vertical  wind  profile  near  or  some- 
what above  mountaintop  level  is  a  characteristic 
of  strong  waves.) 

4.  An  upwind  inversion  or  stable  layer  exists 
near  mountaintop  height. 

Observation,  of  Vertical 
Wind  Shear  by  Radar 

When  precipitation  is  showery,  the  cells  may 
be  seen  on  the  RHI  scope  as  separate  columns. 
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These  columns  are  often  distorted  from  the  true 
vertical  by  wind  shear.  To  observe  this  shear 
effect  clearly,  the  antenna  must  be  scanning  in 
the  same  plane  as  the  wind  shear.  To  do  this, 
adjust  the  azimuth  until  the  greatest  distortion 
from  the  vertical  is  observed.  Such  observations 
give  heights  of  shear  zones  and  a  qualitative 
estimate  of  the  shear. 

Stability,  Instability,  and 
Turbulence  by  Radar 

Radar  can  be  useful  in  a  qualitative  evaluation 
of  the  degree  of  turbulence  near  the  terminal  in 
those  layers  where  precipitation  is  forming  or 
through  which  it  is  falling.  Horizontally  strati- 
fied echoes  are  indicative  of  smooth  air; 
whereas,  vertical  columns  or  cellular  echoes 
indicate  vertical  motions  which  cause  turbulence 
to  aircraft.  In  addition,  the  sharpness  of  the 
bright  band  is  an  indication  of  the  instability 
involved.  Sharp  wind-shear  layers  are  also  an 
indication  of  associated  turbulence. 

It  is  well  known  that  the  most  severe  turbu- 
lence (as  well  as  heav>'  icing  and  damaging  hail) 
is  associated  with  actively  developing  thunder- 
stonns  extending  to  great  heights.  During  this 
dangerous  growing  stage,  the  top  of  the  radar 
echo  rises  rapidly.  The  growth  can  best  be 
followed  by  using  the  RHI  scope  and  scanning 
vertically  on  the  azimuth  which  includes  the 
highest  echo.  Subsidence  of  the  top  of  the  echo 
indicates  the  end  of  convection  and  the  resulting 
decrease  of  turbulence  in  that  particular  cell  or 
group  of  cells. 

CONDENSATION  TRAILS 

A  condensation  trail  (contrail)  is  a  visible  trail 
of  small  water  droplets  or  ice  crystals  formed 
under  certain  conditions  in  the  wake  of  an 
aircraft. 

The  formation  of  contrails  is  considered  to 
decrease  significantly  the  effectiveness  of 
operational  aircraft  under  combat  conditions.  In 
daylight  when  clear  weather  prevails,  the 
enemy's  detection  problem  is  practically  solved 
when  the  aircraft  produces  contrails.  At  night, 
contrails  greatly  simplify  the  enemy's  inter- 
ception problem. 
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To  remove  the  detection  hazard  during  com- 
bat missions,  it  is  necessary  to  be  able  to  predict 
the  altitudes  at  which  contrail  formation  is 
probable  so  that  flight  at  those  altitudes  may  be 
avoided.  Such  prediction  is  the  function  of  the 
weather  office  which  provides  the  briefing  for 
thft  flight. 

TYPES  OF  CONTRAILS 

There  are  three  types  of  contrails;  aero- 
dynamic, instability,  and  engine  exhaust.  The 
aerodynamic  contrail  is  produced  by  the  mo- 
mentary reduction  of  pressure  resulting  from  the 
flow  of  air  past  an  airfoil.  It  is  of  short  duration, 
and  for  this  reason  is  not  considered  an  opera- 
tional hazard.  The  instability  contrail  is  pro- 
duced by  the  passage  of  an  aircraft  through  an 
otherwise  undisturbed  layer  of  unstable  air  with 
a  higher  relative  humidity.  Conditions  conducive 
to  such  formations  exist  only  rarely.  The  most 
prevalent  of  contrails  is  the  engine  exhaust 
contrail,  and  it  is  with  this  type  that  you  as  an 
Aerographer's  Mate  will  be  concerned,  since  it  is 
the  only  one  which  must  be  forecast. 

FORMATION  OF  CONTRAILS 

When  an  aircraft  passes  through  the  atmos- 
phere, the  engine  releases  a  certain  quantity  of 
water  vapor  and  heat  as  a  result  of  combustion 
processes  in  the  engine.  The  exhaust  mixes  with 
the  air.  The  water  vapor  introduced  tends  to 
increase  the  relative  humidity  and  to  bring  the 
air  closer  to  saturation.  The  Iieat  released  tends 
to  decrease  the  relative  humidity.  The  formation 
of  a  contrail  depends,  therefore,  upon  such 
factors  as  the  amount  of  heat  and  water  pro- 
duced by  the  fuel  combustion,  the  wake  or 
entrainment  characteristics  of  the  aircraft,  and 
the  original  temperature  and  humidity  condition 
of  the  undisturbed  air. 

Entrainment 

Entrained  air  is  that  which  is  drawn  into  and 
mixed  with  the  exhaust  gases  of  the  aircraft.  The 
amount  of  air  entrained  into  the  exhaust  trail 


varies  continuou5ly  from  near  zero  immediately 
behind  the  aircraft  to  an  extremely  large  amount 
far  behind  it.  The  rate  at  which  air  is  entrained 
varies  with  the  type  of  aircraft,  power  setting, 
speed,  and  the  density  and  stability  of  the 
atmosphere.  The  ratio  of  entrained  air  to  ex- 
haust gas,  at  a  given  distance  behind  tha  aircraft, 
is  greatest  when  the  aircraft  is  operating  at  its 
most  efficient  speed  and  altitude. 

Meteorological  Factors 

If  the  temperature,  pressure,  and  humidity  are 
suitable,  the  water  vapor  of  the  exhaust  may 
produce  supersaturation  with  consequent  con- 
trail formation.  The  more  humid  the  air  at  a 
given  temperature  and  pressure,  the  greater  will 
be  the  tendency  for  contrails  to  form. 

NOTE:  Only  in  the  case  of  jet  aircraft  can  a 
definite  relationship  be  established  between 
pressure,  temperature,  and  relative  humidity.  In 
propeller-driven  aircraft,  energy  losses  are  vari- 
able. Since  all  the  energy  is  not  contributed  to 
the  wake,  only  an  estimate  of  the  limiting 
temperatures  for  contrail  formation  can  be 
given. 

CONTRAIL  FORECASTING 

Calculations  based  on  the  rates  of  heat  dissi- 
pation and  mixing  with  entrained  air  permit  the 
determination  of  a  maximum  temperature  for 
each  pressure  and  relative  humidity  value  above 
which  contrails  cannot  form  in  the  wake  of  a  jet 
aircraft. 

The  Forecasting  of  Aircraft  Condensation 
Trails,  AWSM  105-100,  provides  all  the  basic 
background  for  producing  contrail  forecasts  for 
both  propeller  driven  and  jet  aircraft. 

The  Skew  T,  Log  P  diagrams  (DOD-WPC  9-16 
and  9-16-2)  are  overprinted  with  a  set  of  lines 
that  represent  theoretical  critical  relative- 
humidity  values  separating  the  categories  for 
forecasters  to  utilize  in  determining  the  prob- 
ability of,  or  absence  of,  contrails  from  jet 
aircraft.  The  application  of  these  curves  is  fully 
explained  in  Air  Weather  Service  Manual 
105-100. 
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CHAPTER  12 

TROPICAL  ANALYSIS  AND  FORECASTING 


The  importance  of  tropical  analysis  and  fore- 
castina  has  been  reeniphasizcd  in  recent  years  as 
U.  S.  operations  in  low  latitudes  have  increased. 
Various  aspects  of  tropical  analysis  and  fore- 
casting that  were  poorly  founded  or  lacking  in 
entirety  have  been  brought  to  light.  Concerted 
effort  has  been  made  to  improve  the  analysis 
and  forecasting  techniques  to  provide  more 
informative  and  accurate  forecasts  to  users. 

Also  during  recent  years  there  has  been  a 
great  increase  in  the  amount  of  observational 
data  available  to  the  forecaster.  This  has  been 
provided  by  meteorological  satellites  and 
weather  radars,  as  well  as  an  increased  number 
of  weather  reporting  stations. 

During  any  discussion  of  the  Tropics,  the 
actual  area  under  consideration  is  questionable; 
therefore,  for  the  purpose  of  this  chapter,  the 
Tropics  are  defined  as  the  region  lying  between 
the  high  pressure  belts  at  the  surface  of  each 
hemi.spherc.  and  the  troposphere  and  lower 
stratosphere  above  this  region.  Therefore,  the 
boundaries  of  the  Tropics  will  vary  with  space 
and  time.  They  may  approach  withm  15 
latitude  of  the  equator  or  recede  to  as  much  as 
45"  latitude  from  it. 

Since  many  Navy  weather  units  are  located  or 
operating  in  the  Tropics,  it  is  of  the  utmost 
importance  that  the  principles  of  analysis  and 
forecasting  be  understood. 

Ill  the  temperate  and  frigid  zones,  the 
Aerographcr's  Mate  is  required  to  acquire  a 
knowledge  of  the  air  masses  and  the  boundaries 
between  them  in  order  to  effect  a  valid  analysis 
and  the  subsequent  forecast.  To  forecast  m  the 
Tropics,  on  the  other  hand,  the  Aerographer  s 
Mate  tlnds  that  he  is  dealing  with  what  may 
properly  be  termed  a  single  air  mass,  the  air  m 
the  equatorial  zone.  Since  the  contrasts  between 


masses  of  air  in  convergent  or  divergent  How  m 
relation  to  each  other  are  minute,  his  primary 
concern  is  with  internal  changes  in  this  vast  belt 
of  equatorial  air. 

Success  in  tropical  analysis  and  torecasting 
much  like  analysis  in  the  Temperate  Zones,  will 
depend  largely  on  the  experience  of  the 
Aerographer's  Mate.  The  exi-cnence  of  the 
Aerographer's  Mate  as  an  analyst  in  this  case 
implies  and  includes  a  thorough  knowledge  of 
the  climatology  of  the  analysis  area. 

BASIC  PRINCIPLES  OF 
TROPICAL  FORECASTING 

With  the  advent  of  satellite  systems,  tropical 
forecasting  has  improved  very  much.  The  com- 
bined use  of  extensive  climatology  and  satellite 
information  will  produce  the  best  forecasts 
possible  in  the  tropical  areas. 

WEATHER  VARIATIONS 
WITHIN  THE  TROPICS 

Most  of  the  area  within  the  tropics  is  oceanic. 
However,  since  this  region  contains  mountainous 
islands,  coastal  areas,  and  large  portions  of  some 
continents,  some  discussion  must  be  given  to  the 
variations  in  tropical  weather  in  each  of  thebC 
situations. 

Island  and  Coastal  Tropic?!  Weather 

During  the  day  as  warm,  moist  air  moves 
inland  and  is  lifted  over  the  terrain,  large 
cumuliform  clouds  develop.  These  clouds  are 
common  in  coastal  areas.  The  lifting  of  moist  air 
on  the  windward  side  of  mountainous  islands 
also  produces  towering  cumulus  clouds  which 
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may  Ircquently  bo  seen  froin  long  distances 
indicating  the  presence  of  an  island  aiiead.  Low 
islands  also  cause  more  clouds  and  rain  tiian  over 
the  water,  but  tlie  clouds  tend  to  increase 
downwind  to  a  maximum  near  the  lee  end  of  the 
island.  Cumulirorm  clouds  and  precipitation  are 
more  abundant  over  island  and  coastal  areas 
than  over  the  open  oceans,  except  in  the  vicinity 
ot  certain  tropical  weather  circulation  systems 
such  as  hurricanes,  typhoons,  the  intertropical 
convergence  zone,  and  tropical  waves. 

Continental  Tropical  Weather 

The  greatest  temperature  and  pressure  varia- 
tions in  the  Tropics  are  found  in  continental 
areas.  The  temperature  on  continents  undergoes 
a  significant  daily  temperature  variation  be- 
coming very  warm  in  the  afternoon  and  be- 
coming cool  during  the  night. 

Cloudiness  and  precipitation  are  at  a  maxi- 
mum for  the  Tropics  over  land  areas  which  are 
exposed  to  airflow  from  ocean  areas.  This  helps 
account  for  tropical  jungle  areas. 

Oceanic  Tropica!  Weather 

Typical  weather  over  the  tropical  oceans  is 
characterized  by  cumuliform  clouds,  although 
all  forms  of  clouds  are  observed.  Although  most 
oceanic  cumulus  clouds  have  a  common  base  of 
approximately  2,000  feet,  occasionally  lowering 
to  1,500  feet  or  1.000  feet  in  precipitation 
there  is  great  variation  in  the  heights  of  the  tops' 
which  depends  primarily  on  the  area  in  which 
they  form.  Doldrum  cumulus,  which  form  in  the 
areas  of  light  winds  and  small  wind  shear  have 
tops  varying  from  6,000  to  12,000  feet. 

The  term  "trade  cumulus"  applies  to  cumulus 
clouds  that  develop  in  the  broad  easterly  wind- 
stream  between  latitudes  10  and  30  degrees. 
Their  chief  characteristic  is  the  inclination  of  the 
cloud  axis  caused  by  wind  shear  througli  the 
cloud  layer.  The  height  of  the  trade  cumulus 
tops  vanes  from  about  7,000  to  9,000  feet.  Tall 
cumulus  clouds  occur  only  at  widely  scattered 
mtemis  in  the  trade  wind.  Seen  from  the  air, 
the  low  trade  cumulus  have  a  characteristic 
arrangement  in  bands  paralleling  the  windflow. 
Scattered  rain  showers  are  common  from  these 
cumulus  clouds  and  visibilities  are  good  except 


in  the  showers.  Over  tropical  oceans,  cumu- 
lonimbus are  almost  always  restricted  to  areas 
affected  by  synoptic  ormeso-scale  disturbances- 
tops  range  from  .30,000  to  40,000  feet,  except 
in  areas  of  intense  tropical  storms  where  they 
may  extend  beyond  60,000  feet. 

The  tropical  oceanic  regions  are  characterized 
by  a  mean  temperature  near  80°F  throughout 
the  year.  The  mean  air  tempmture  is  generally 
within  a  few  degrees  of  the  sea-surface  temper- 
ature (SST)  except  near  some  coasts  where  there 
IS  a  prevailing  offshore  flow  of  cold  continental 
air. 

Wind  is  the  most  important  factor  in  tropical 
weather,  even  over  open  ocean  areas.  When  there 
IS  convergence  of  windflow,  there  is  a  piling  up 
of  air  locally.  This  lifting  action  in  warm,  moist 
air  results  in  cumuliform  clouds  and  orecipita- 
tion.  These  cumuliform  clouds  often  d'evelop  to 
great  heights,  and  heavy  showers  are  frequently 
observed. 

WEATHER  ELEMENTS 
IN  THE  TROPICS 

Winds 

Two  levels  that  are  important  for  analyzing 
and  forecasting  synoptic-scale  tropical  weather 
.systems  are  one  near  the  surface  and  one  in  the 
upper  troposphere.  Fortunately  the  gradient 
level  and  the  200-mb  level  are  suited  to  provide 
this  data  and  they  are  also  levels  where  there  is 
an  abundance  of  data.  The  gradient  level  is 
defined  as  the  lowest  level  at  which  predom- 
inately friction  free  flow  occurs.  Over  most  of 
the  tropics  this  is  taken  to  be  3,000  feet  MSL; 
however,  in  .some  cases  this  may  have  to  be 
adjusted  upward  due  to  land  elevation. 

The  major  features  shown  by  the  mean 
sea-level  pressure  fields  (subtropical  high- 
pressure  ridges  and  low-latitude  troughs)  dictate 
the  variations  of  the  wind  flow  within  the 
tropical  region. 

Two  basic  types  of  circulation  patterns  are 
evident  in  the  low-latitude  trough  zone.  These 
types  are  called  the  monsoon  and  trade  wind 
troughs.  The  monsoon  troughs  occur  near  the 
large  continental  areas  due  to  the  land-sea 
monsoonal  effects  and  are  characterized  by  a 
directional  shear  zone  with  westerlies  on  the 
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equatorward  side  and  easterlies  on  the  poleward 
side.  The  trade  wind  troughs  occur  primarily 
over  the  oceanic  areas  of  the  North  Atlantic, 
Northeast  and  North  Central  Pacific  and  are 
characterized  by  confluence  of  trade  wind  tlows 
tVoni  the  northern  and  southern  hemispheres. 

Other  types  of  circulation  patterns  also  occur 
in  the  near  equatorial  region  in  various  locations. 
One  of  these  circulation  features  is  a  wind 
system  near  the  equator  where  the  trade  wind 
How  from  one  hemisphere  changes  direction  as 
it  moves  into  the  opposite  hemisphere.  This  is 
called  a  buffer  zone:  it  separates  two  wind 
streams  of  opposing  directions,  the  easterly 
trades  and  the  monsoon  westerlies.  The  sense  of 
the  rotation  in  the  buffer  zone  varies  from 
clockwise  during  the  northern  hemisphere  sum- 
mer to  counterclockwise  during  the  winter. 

Other  prominent  circulation  features  on  the 
gradient-level  charts  are  the  subtropical  ridges 
with  their  associated  anticyclonic  cells  and  the 
heat  lows  over  the  subtropical  continental  areas. 

Detailed  information  on  wind  How  both  at 
the  low  and  upper  levels  is  contained  in  AWS 
Technical  Report  240,  Forecasters  Guide  to 
Tropical  Meteorology, 


Temperature  Distribution 

In  general,  the  horizontal  temperature  dis- 
tribution over  the  Tropics  can  be  sunnnarized  as 
follows:  The  annual  temperature  range  in  the 
Tropics  does  not  vary  on  the  average  more  than 
r  to  S^'C.  The  range  is  in  the  neighborhood  of 
5°  to  lO^'C  over  land  and  only  2""  to  S^'C  over 
the  ocean.  The  diurnal  range  is  much  greater 
tluin  the  annual  range  and  is  much  greater  over  land 
than  water  masses.  The  largest  variations  take 
place  in  the  fringe  areas  of  the  Tropics  which 
come  under  the  influence  of  mid»;atitude  pres^ 
sure  systems.  The  eastern  parts  of  oceans  are 
colder  than  the  western  parts  due  to  the 
circulation  around  the  subtropical  highs  which 
brings  midlatitude  colder  air  into  these  areas. 
Temperature,  therefore,  is  one  of  the  least 
important  elements  on  the  tropical  synoptic 
surtace  map. 

One  very  significant  feature  of  the  vertical 
temperature  distribution  of  the  Tropics  is  the 
presence  of  very  dry  warm  air  aloft.  This  air  is 


the  result  of  subsidence  in  the  subtropical 
anticyclones.  It  is  therefore  dr>'  aloft  and  has  a 
temperature  inversion  in  the  lower  levels.  This 
inversion  of  temperature  is  called  the  trade 
inversion.  It  is  generally  located  below  10,000 
feet.  This  temperature  inversion  is  more  pro- 
nounced over  the  eastern  parts  of  the  oceans  due 
in  part  to  cooling  below  from  cold  ocean 
currents.  Over  the  west  coasts  of  continents  fog 
and  stratus  are  common.  Below  this  inversion 
the  lapse  rate  is  very  steep,  and  above  the 
inversion  the  lapse  rate  closely  approximates 
that  of  the  dry  adiabatic  lapse  rate.  This  low 
inversion  over  the  eastern  portions  of  oceans 
undergoes  a  transition  westward  and  completely 
disappears  over  the  western  portions  of  the 
oceans,  though  stable  layers  may  appear  in  this 
region  in  specific  weather  patterns. 

Inversions  over  the  eastern  portions  of  the 
oceans  are  fonned  by  a  broad-scale  descent  of 
air  from  higher  altitudes  in  the  eastern  end  of 
the  subtropical  highs.  The  eastern  side  of  the 
high  may  be  thought  of  as  tilting  downward  and 
the  western  end  upward.  Therefore,  the  mass  of 
air  moving  eastward  on  this  side  tends  to  subside 
and  to  be  lifted  as  it  moves  westward  on  the 
southern  side  of  the  cell.  As  this  air  aloft 
descends,  it  meets  opposition  from  the  low-level 
maritime  air  llowing  equatorward.  The  height 
which  the  inversion  tbrms  depends  on  the  depth 
to  which  the  upper  air  current  is  able  to 
penetrate  downward.  The  inversion  is  considered 
to  be  a  mixing  zone  between  these  two  masses. 

The  height  of  the  trade  inversion  has  a 
significant  effect  on  tropical  weather.  When  the 
base  of  the  inversion  is  at  a  high  altitude,  the 
moist  layer  underneath  has  a  greater  thickness 
and  clouds  build  to  greater  heights,  coverage  is 
more  extensive  and  rain  is  more  likely.  When  the 
l)ase  of  the  trade  inversion  is  low  in  altitude, 
moisture  is  confined  to  lower  levels,  cloud  cover 
and  tops  are  lower,  and  rain  is  less  likely. 
Weather  is  better  when  the  trade  inversion  is  low 
except  for  periods  of  reduced  visibility  due  to 
haze  and  over  the  cold  water  belts  near  the  west 
coasts  of  continents,  where  fog  and  stratus  are 
common. 

A  common  phenomenon  of  the  trade  winds  is 
the  presence  of  trade  wind  cumulus.  This  occurs 
in  the  absence  of  large-scale  convection  or 
orographic  lift   produced  by  islands  in  the 
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daytime,  which  may  give  rise  to  towering  cumu- 
lus and  abundant  showery  type  rainfall. 

From  one-third  to  one-half  of  the  tropical 
ocean  area  is  covered  by  this  type  of  clouds. 

The  seasonal  range  of  temperatures  aloft 
below  300  millibars  is  usually  in  the  I""  to 
range.  Cooling  generally  takes  place  below  700 
millibars.  Over  the  western  portions  of  the 
Pacific  ocean  the  monsoon  season  both  winter 
and  summer  greatly  affects  the  temperatures, 
moisture  content,  and  stability  of  the  air  masses. 

Moisture  Di.stribution 

Humidity  is  almost  constant  throughout  the 
moist  layer  except  at  the  base  and  lower  part  of 
the  cloud  layer  where  a  slight  maximum  is 
found.  The  average  depth,  of  the  moist  layer  is 
between  7,000  to  8,000  feet  above  which  it 
decreases  sharply.  This  decrease  is  coincident 
with  the  temperature  inversion.  Although  the 
temperature  inversion  is  a  good  indication  of 
this  moisture  break,  the  break  is  evident  in  some 
cases  where  this  inversion  is  not  present. 

Cloud  Types 

A  popular  conception  of  the  cloud  distribu- 
tion  in   the  Iropics  pictures  the  equatorial 
regions  as  a  tremendous  factory  continuously 
producing  cumulonimbus  type  clouds  which 
because  of  the  height  of  the  tropopause  rise  to 
spectacular  heights.  THIS  IS  TRUIL  ONLY  OF 
CERTAIN  RUGIONS.  All  types  of  high,  middle, 
and  low  clouds  are  present  in  tropical  regions. 
Alt.hough  records  indicate  that  cumulonimbus 
type  clouds  are  more  common  in  tropical  than 
in  polar  regions,  they  also  show  that  except  "or 
such  places  as  central  Africa,  southeast  Asia, 
Indonesia,  the  Amazon  Valley,  and  the  southern 
United  State:,  cumulonimbus  is  the  exceptional 
cloud,  rather  than  the  most  common.  In  fact, 
certain  equatorial  region.s  are  known  to  report 
few,  if  any,  cumulonimbus  type  clouds  through- 
out the  year.  Cumulus,  however,  in  one  form  or 
another  is  the   predominant   form  of  tropical 
cloud. 

The  climatology  of  tropical  clouds  like  those 
in  middle  and  high  latitudes  may  be  divided  into 
two  parts:  Climatology  of  clouds  over  oceans 
and  climatology  of  clouds  over  land.  The  oro- 


graphic effect  of  islands  upon  the  type  and  form 
of  cloud  cover  is  even  more  pronounced  in  the 
topical  oceanic  areas  than  elsewhere.  The  higher 
mean  temperatures  of  tropical  air.  with  its 
greater  capacity  to  hold  water  vapor,  results  in 
orographic  clouds  with  a  minimum  amount  of 
forced  lifting.  Another  factor  governing  oceanic 
cloudiness  in  the  Tropics  is  the  strength  and 
height  of  the  trade  inversion.  As  was  pointed  out 
earlier,  the  moisture  content  of  the  air  above  the 
trade  inversion  decreases  markedly,  and  strong 
stability  at  the  inversion  effectively  limits  the 
vertical  extent  and  development  of  clouds.  Too, 
in  the  Tropics,  the  absence  of  a  variety  of  air 
nia.sses  of  different  origin  eliminates  the  associa- 
tion between  fronts  and  clouds  so  pronounced 
in  higher  latitudes  and  leaves  us  only  with  the 
basic  differences  between  air-mas.^  clouds  over 
land  and  those  over  water  surfaces. 

CIRRIFORM  CLOUDS.  Cirriform  clouds  in 
varying  amouiits  are  found  everywhere  in  the 
oceanic  Tropics.  Isolated  maximums  of  high 
cloudiness  are  found  near  the  Uquator,  some  of 
which  may  be  attributed  to  the  prevalance  of 
the  anvil  tops  of  cumulonimbus.  An  overall 
seasonal  variation  in  high  cloudiness  is  not 
evident  in  the  Tropics.  Certain  areas  do  experi- 
ence seasonal  changes,  but  they  are  not  large 
enough  to  be  considered  representative  of  the 
Tropics  as  a  whole. 

MIDDLI:  CLOUDS.  Middle  clouds  are  likely 
to  be  found  everywhere  in  the  Tropics  and  in 
any  season  of  the  year;  no  appreciable  seasonal 
variation  occuns  when  taking  global  distribution 
into  consideration,  and  no  pronounced  mini- 
mum or  maximum  of  middle  cloudiness  is 
evident  along  any  particular  latitude  in  the 
Tropics. 

LOW  CLOUDS.  -Cumulus  is  the  predominant 
type  of  cloud  found  in  the  Tropics.  Their 
development,  vertical  and  horizontal  extent,  and 
persistence  are  controlled  by  several  factors: 
horizontal  convergence  in  the  wind  field,  depth 
of  the  moist  layer,  orography,  and  vertical 
stability  of  the  air  mass.  There  are  many 
significant  types  of  cumulus  and  they  usually 
range  in  some  intermediate  form  between  cumu- 
lus hunn'lis  and  cumuhus  congestu.s.  Stratus  and 
stratocumulus  are  also  found  in  certain  regions 
of  the  Tropics. 
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Satellite  cloud  pictures  have  beer,  studied  to 
deteriiiinc  the  tropical  large-scale  organization  of 
cloud  systems  in  various  regions  of  the  tropics. 
Three  major  types  of  cloud  systems  were  identi- 
fied and  given  names.  These  are  cloud  clusters, 
monsoon  clusters,  and  popcorn  cumuloninibi. 
All  cloud  systems  are  composed  of  cumu- 
lonimbus type  clouds.  More  detailed  informa- 
tion concerning  the  significant  features  of  CuCh 
cloud  system  is  found  in  AWS  Technical  Report 
240. 

Of  all  forms  of  cloudiness  in  the  Tropics,  the 
low  cloud  still  conuiiands  the  greater  portion  of 
the  forecaster's  attention.  In  many  tropical 
areas,  an  increase  or  decrease  or  chaiige  in  the 
form  of  low  cloudiness  is  often  an  indication 
that  the  NORMAL  weather  and  cloud  pattern 
will  be  disturbed. 

Precipitation 

The  general  belief  that  frequent  and  heavy 
precipitation  is  one  of  the  major  characteristics 
of  the  Tropics  is  only  partly  true.  While  it  is  a 
fact  that  the  'fropics  as  a  whole  receive  more 
rainfall  than  other  portions  of  the  earth,  the 
climatological  records  also  show  that  the  annual 
amount  of  rainfall  within  its  boundaries  varies 
tremendously  both  in  time  and  space.  These 
variations  can  be  as  much  as  300  inches  annually 
between  two  stations  70  miles  apart. 

The  7,one  of  maximum  rainfall  in  the  Tropics 
lies  along  the  equatorial  trough.  The  niininuims 
lie  along^  the  usual  position  of  the  subtropical 
anticyclonic  belt. 

The  Tropics  may  be  considered  to  consist  ot 
three  basic  rainfall  regimes: 

1.  In  the  vicinity  of  the  equatorial  trough, 
characterized  by  rain  at  all  seasons  of  the  year. 

2.  In  the  trades,  characterized  by  summer 
rains  and  dry  wint^  ^s. 

3.  In  the  subt  opical  anticyclonic  belt,  char- 
acterized by  d.,    ss  at  all  seasons  of  the  year. 

These  regimes  give  only  a  very  broad  indica- 
tion of  the  zonal  distribution  of  total  rainfall. 
Specifically,  within  each  region,  the  rainfall  in 
any  year  may  or  may  not  fall  within  the  scheme 
of  this  classification. 
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The  predominant  form  of  precipitation  in  the 
Tropics  is  of  the  showery  type.  However,  when 
tropical  disturbances  are  present,  rain  may  be 
steady  or  intermittent  from  the  associated  alto- 
stratus  deck  or  low  stratiform  clouds. 

GENERAL  ASPECTS  OF 
TROPICAL  ANALYSIS 

There  are  major  differences  in  techniques 
utilized  for  tropical  analysis  as  compared  to 
those  used  in  the  temperate  zones.  This  provides 
the  tropical  analyst  and  forecaster  with  a  new 
challenge. 

The  air  mass  concept  as  applied  in  the 
mid-latitudes  does  not  generally  hold  true  in  the 
tropics,  especially  on  a  day  to  day  basis. 
Although  some  writers  have  made  a  distinction 
»n  the  tropical  air  masses  such  as  a  monsoon  air 
mass,  an  equatorial  air  mass,  and  a  tropical  air 
mass,  in  actual  practice  it  is  almost  impossible  to 
find  any  boundaries  between  them  to  which  the 
criteria  of  a  front  can  be  applied.  The  whole 
tropical  troposphere  with  a  few  local  exceptions, 
fulfills  the  .^tandard  definition  of  a  single  air 
mass.  The  Aerographer's  Mate  is  chiefiy  con- 
cerned with  internal  changes  within  this  air 
mass. 

In  order  to  observe  these  changes  a  more 
complete  method  of  recording  elements  at 
selected  stations  is  necessary  than  the  normal 
6-hour  synoptic  map.  This  evaluation  should  be 
done  by  graphically  recording  various  elements 
hourly.  The  elements  covered  should  include 
pressure,  temperature,  dewpoint,  visibility, 
weather,  cloud  amount  and  type,  and  wind. 

Elements  which  ordinarily  are  conservative  in 
high  latitudes,  that  is,  change  very  slowly  with 
time  during  the  transformation  of  an  air  mass, 
may  change  more  rapidly  in  the  Tropics.  More- 
over, changes  of  these  elements  in  the  temper- 
ate  zone   may   be   attributable  to  only  one 
cause,  while  a  very  different  cause  may  operate 
in  the  Tropics,  Thus  changes  in  dewpoint  are 
usually  .slow  within  a  single  temperate-zone  air 
n:a3S  and  are  attributable  to  the  influence  of  the 
.surface  over  which  the  air  mass  is  moving.  In  low 
latitudes,  certain  rapid  changes  in  dewpoint  can 
occur  within  the  tropical  air  mass  which  have 
little  or  nothing  to  do  with  the  surface  over 
which  the  air  mass  is  moving. 


For  these  reusons,  the  Aerographcr's  Mate 
who  is  undertaking  analysis  in  the  Tropies  has  to 
take  special  care  in  evaluating  the  data,  at  least 
until  he  has  bttonie  thoroughly  lamiliar  with 
the  geography  of  the  region  and  with  tlie  often 
surprising  local  effects  characteristic  of  this 
xone. 

The  analyst  in  th.e  tropics  must  be  aware  that 
local  effects  often  outweigh  the  synoptic 
changes  that  arc  occurring,  especially  ne;jr  the 
surface.  The  local  effects  are  caused  primarily  by 
radiational  cooling  and  heating,  and  topo- 
graphical features,  as  well  as  convective  activity 
at  or  near  the  station  during  observational 
periods.  If  these  effects  are  overlooked  or 
ignored,  they  may  lead  to  errors  in  data  inter- 
pretation as  well  as  analysis.  Therefore  it  is 
incumbent  on  the  tropical  analyst  to  evaluate 
the  synoptic  data  as  well  as  become  thoroughly 
familiar  with  topograpliical  features  of  stations 
to  be  able  to  separate  local  effects  from  the 
actual  synoptic  changes  that  are  occurring. 

Sizable  departures  from  the  normal  should  be 
closely  checked  when  they  appear  in  reports 
from  tropical  stations.  This  may  be  attributed  to 
observational  errors  or  due  to  some  feature  that 
has  gone  unnoticed  until  this  time.  A  number  of 
tropical  meteorologists  consider  climatology  as 
the  best  method  of  forecasting  within  the 
tropics  due  to  the  fact  that  most  changes  in  the 
weather  are  not  rapid. 

DATA  CONSIDERATIONS 

To  insure  that  al!  available  data  are  plotted 
and  are  as  accurate  as  possible,  an  analyst,  first 
and  foremost,  must  use  his  managerial  skill  and 
initiative  to  see  that  observations  are  not  lost 
through  ignor:3nce  or  neglect  by  the  map 
plotters,  Al  a  weather  office,  the  plotting 
personnel  must  be  trained  constantly  to  be  on 
the  alert;  the  analysis  must  be  able  to  spot  check 
all  work. 

An  analyst  must  learn  which  stations  can  be 
relied  upon  to  transmit  accurate  weather  in- 
formation. A  little  experience  at  a  tropical 
analysis  center  will  show  quickly  that  some 
stations  send  much  better  reports  than  others. 
The  reports  judged  reliable  should  be  plotted 
and  adhered  to  rigorously.  This  applies  to  both 
surface  and  upper  air  data. 
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In  tropical  weather  forecasting  the  forecaster 
must  be  well  acquainted  with  the  local  situation 
of  all  stations  that  furnish  the  ba.sis  for  the 
analysis.  As  an  aid,  weather  offices  should  keep 
a  running  file  on  all  key  staiions,  the  topo- 
graphic condition,s',  other  local  peculiarities,  the 
diurnal  course  of  weather,  and  the  pressure  and 
wind  in  each  mouth.  For  each  of  the  6-hourly 
standard  observation  periods,  this  information 
could  be  posted  in  map  report  form  near  the 
analysis  desk  for  ready  reference.  Additional 
statistical  data,  such  as  frequency  distribution  of 
pressure  at  a  given  time  of  day.  could  also  be 
kept  on  file  for  reference.  Also,  obtain  local  area 
Forecaster's  Handbooks  for  as  many  stations  as 
possible. 

The  main  con.siderations  of  the  weather  ele- 
ments with  reference  to  tropical  analv.sis  and 
forecasting  are  presented  in  the  followhig 
.sections. 

Surface  Data 

SURFACH  PRl-SSURI:.  Sea  level  pressures 
and  pressure  changes,  in  conjunction  with  the 
gradient  wind  pattern,  furnish' a  basic  tool  of 
analysis  in  low  as  in  high  latitudes.  Pressures  are 
far  more  numerous  than  upper  winds  or  raobs; 
therefore,  the  maximum  information  must  be 
extracted  from  the  pressure  data. 

In  any  given  month  the  range  of  observed 
pressures  will  be  ahiiost  wholly  within  a  lO-mb 
spread  in  a  given  tropical  area.  Deviations  from 
norma!  greater  than  0.5  millibar  are  rare,  it 
follows  that  the  deviation  of  a  pressure  from  the 
normal  must  be  known  to  the  nearest  0.5 
millibar  in  order  to  be  of  much  value  in  tracing 
departure  patterns  with  any  accuracy.  This  then 
is  the  upper  limit  permissible  for  obser\'ers'  and 
other  errors. 

Except  in  the  vicinity  of  a  tropical  storm, 
3-hourly  tendencies  are  nearly  useless  in  the 
Tropics  and  can  never  be  exploited  as  in  middle 
latitudes  except  as  they  deviate  from  normal. 
There  are  three  rea.sons  for  this: 

!,  The  3-hour  synoptic  pres.sure  change  is  so 
small  (order  of  0.1  millibar)  as  to  fall  within  the 
unavoidable  range  of  observation  errors, 

2,  The  diurnal  variation  (order  of  I  millibar) 
completely  masks  the  true  synoptic  variations. 
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3.  Passage   of  local   cloutl  systems  often 
affects  the  barometer  to  0.1  millibar  or  more. 

Consequently,  the  24-hour  pressure  change  is 
used  in  tropical  analysis.  This  eliminates  the 
normal  diurnal  change  from  the  tendency  and 
also  provides  for  a  better  relation  between  the 
rate  of  motion  of  disturbances  and  the  time 
interval  over  which  pressure  changes  are 
measured.  The  24-hour  change  in  the  Tropics  is 
comparable  to  the  124iour  change  in  middle 
latitudes. 

In  most  areas,  changes  of  3  millibars  are  rare 
and  definitely  indicate  danger  of  a  severe  devel- 
opment when  a  storm  is  not  already  in  exist- 
ence. Even  values  of  1.5  to  2.5  millibars  warrant 
careful  attention,  especially  when  the  change  is 
at  or  below  average  pressure  values. 

Pressure  gradients  in  tropical  regions  have  the 
order  of  1  millibar  in  100  miles,  and  less.  This 
means  that  most  of  the  character  of  a  map  is  lost 
if  4-mb  isobars  are  drawn.  Isobars  should  be 
drawn  for  every  2  millibars  south  of  the  sub- 
tropical ndge  and  for  1  millibar  within  5"^  of  the 
meteorological  Equator.  It  also  follows  that  the 
pressure  nuust  be  known  within  at  least  0.5 
millibars;  or  else  severe  unrealistic  distortion  of 
isobars  will  regularly  occur. 

There  are  certain  topographic  effects  which 
cauoe  true  pressure  abnormalities.  In  particular 
there  are  dynamic  pressure  reductions  on  the  lee 
side  of  mountain  ranges  and  in  channels  between 
mountainous  islands.  These  reductions  may 
amount  to  1  to  3  millibars.  Unless  this  is 
recognized  and  taken  into  account,  the  perma- 
nent cyclonic  deformations  of  isobars  that  ap- 
pear in  certain  areas  on  most  charts  will  not  be 
interpreted  correctly. 

SURFACE  WIND. -In  middle  latitudes,  sur- 
face winds  of  7  to  16  knots  or  stronger  are  quite 
representative,  except  in  mountainous  country, 
at  coasts,  or  in  thunderstorms.  In  the  Tropics, 
topographic  and  coastal  features  assume  even 
greater  importance  in  producing  diurnal  wind 
regimes.  They  may  render  the  surface  wind 
completely  unrepresentative,  but  if  care  is  used, 
they  can  usually  be  deduced  by  subtracting  local 
effects.  The  situation  as  encountered  over  large 
flat  land  areas  and  over  ocean  areas  is  quite 
different.  Ship  winds  are  reliable;  they  can 
usually  be  accepted  at  face  value.  As  in  middle 
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latitude,  except  winds  observed  in  and  near 
heavy  showers,  the  daytime  wind  over  flat 
stretches  of  land  is  most  representative. 

Since  the  greatest  percentage  of  tropical  land 
station  winds  comes  from  areas  subject  to 
marked  diurnal  changes,  the  question  arises 
whether  anything  at  all  can  be  done  with  these 
winds.  As  in  the  case  of  pressure,  departures 
from  normal  and  24-hour  changes  provide  one 
possible  route. 

In  hurricane  forecasting,  one  looks  for  weak 
or  westerly  surface  winds  where  normally  easter- 
Ues  of  7  to  16  knots  should  be  blowing.  This 
technique  is  sometimes  applicable.  One  could,  in 
fact,  draw  different  vectors  between  the  normal 
and  observed  wind.  This  has  not  been  attempted 
on  a  quantitative  basis,  but  it  has  been  used  as  a 
mental  aid.  Qualitatively  one  may  note,  for 
instance,  whether  the  strength  of  the  easterlies  is 
above  or  below  normal,  or  if  the  winds  at  a 
station  are  becoming  more  southerly  with  time. 
Here  again  the  time  series  representation  is  a 
major  aid;  the  observed  time  changes  of  wind 
must  be  correlated  with  those  of  pressure -and 
other  elements. 

TEMPERATURE  AND  DEWPOINT.-In  trop- 
ical regions,  temperature  and  dewpoint  are  not 
of  any  great  value  to  an  Aerographer's  Mate  for 
forecast  purposes.  The  reason  for  this  is  that  the 
temperature  will  fluctuate  quite  rapidly  with  the 
passage  of  local  showers  over  both  land  and 
ocean  areas.  Rain  evaporating  during  its  fall 
causes  both  temperature  and  dewpoint  to  ap- 
proach the  wet-bulb  temperature.  Thus  readings 
in  showers  are  quite  unrepresentative.  Even, 
when  a  shower  has  ended,  the  low-level  air 
cannot  immediately  return  to  its  previous  state. 

Exceptions  occur  near  the  boundaries  of 
continents.  Here  the  air-mass  differences 
between  continental  and  oceanic  air  may  be  as 
great  as  anywhere  in  middle  latitudes.  Dew- 
points  lower  than  average  also  will  be  found  in 
regions  with  marked  suppression  of  the  normal 
convection  over  oceans,  and  on  the  lee  side  of 
islands. 

At  this  time  temperature  and  dewpoint  can  be 
used  mainly  to  estimate  low  cloud  bases.  Since 
these  cannot  be  computed  closer  than  200  to 
400  feet,  fluctuations  of  I'^F  at  the  surface  do 
not  detract  from  the  validity  of  the  calculation. 
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CURRENT  AND  PAST  WEATHER,  ^Over 
most  of  the  Tropics,  the  reports  of  current 
weather  nearly  always  involve  som^  form  of 
precipitation.  However,  in  some  areas  for 
instance  the  Sahara  and  Northern  Austrahan 
deserts,  dust  storms  are  more  important,  espe- 
cially in  the  dry  season.  Along  the  cold  water 
coasts  of  Africa  and  America,  fog  takes  first 
place  in  importance. 

Although  it  is  highly  desirable  to  separate 
ramfall  into  showery  and  steady  precipitation,  it 
IS  not  always  done.  In  addition,  it  is  not  always 
easy  to  make  this  observation.  A  station  may 
receive  fairly  steady  rain  for  a  long  time;  yet  the 
rain  is  derived  from  cumuliform  clouds.  Because 
of  the  cell  character  of  tropical  rain,  and  again 
because  of  local  regimes,  the  current  weather 
report  is  very  often  rather  meaningless.  Many 
occasions  are  on  record  when  severely  disturbed 
conditions  happened  to  let  up  temporarily  at  the 
6-hourly  observation  period.  Here  a  check  of 
hourly  sequences,  when  available,  is  most  help- 
ful. Again,  in  some  freak  situation,  stations  have 
been  deluged  when  all  around  them  conditions 
were  quite  normal.  Although  not  all  of  these 
phenomena  can  be  spotted,  it  is  advisable  to 
place  as  much  (or  more)  weight  on  weather  in 
the  past  6  hours  as  on  current  weather. 

It  is  hoped  that  with  time  a  place  for  radar 
rain  data  will  be  found  in  the  synoptic  codes,  A 
single  radar  set  scans  a  very  wide  area.  Such  a 
view  is  vastly  superior  to  all  spot  reports  of 
weather. 

STATE  OF  SKY.  -A  good  picture  of  the 
distribution  of  cloud  types  and  amounts,  in 
conjunction  with  present  and  past  weather,  is  in 
a  sense  the  core  of  the  analysis  problem. 
Unfortunately,  cloud  reports  often  are  one  of 
the  least  satisfactory  items  in  the  surface  report. 
Usually  clouds  cannot  be  measured  but  must  be 
estimated.  The  present  codes  do  not  permit  an 
observer  to  describe  properly  the  various  states 
of  sky  found  in  low  latitudes.  The  observer's 
entry  nearly  always  entails  some  arbitrary  deci- 
sion. Some  observers  will  regularly  transmit  the 
same  combination  of  low.  middle,  and  high 
clouds.  One  may  find  that  at  neighboring  sta- 
tions entirely  different  types  are  reported  on  a 
routine  basis,  especially  middle  and  high  clouds. 

In  spite  of  these  drawbacks  much  can  be 
extracted  from  the  cloud  data.  Enipha^'\s  must 


be  placed  on  the  presence  or  absence  of  low 
middle,  or  high  clouds  as  groups.  Division  into 
one  of  nine  types  within  each  group  should 
generally  be  disregarded,  especially  with  refer- 
ence to  middle  and  high  clouds.  Although  there 
are  many  re.uional  and  seasonal  variations,  the 
following  three  cloud  combinations  have  been 
found  to  occur  most  frequently  over  the  west 
Atlantic  area  in  the  hurricane  season: 

1.  With  disturbed  conditions,  frequent  cumu- 
lus congestus,  and  cumulonimbus  with  layers  of 
middle  and  high  clouds, 

2.  With  suppressed  convection,  small  amounts 
of  cumulus,  sometimes  larger  amounts  of  very 
shallow  cumulus,  almost  no  stratocumulus,  and 
no  middle  or  high  clouds. 

3.  Intermediate  cumulus  of  average  height, 
isolated  cumulus  congestus,  and  cirrus  in  varying 
amounts. 

The  first  two  types  indicate  definite  synoptic 
conditions,  and  all  other  information  should  be 
considered  with  this  in  mind.  Although  the 
middle  and  high  cloud  types  unfortunately 
remain  vague,  the  presence  or  absence  of  such 
clouds  is  highly  significant. 

Concerning  representativeness  for  synoptic 
purposes,  ship  data  can  be  taken  at  face  value  to 
the  extent  that  the  observations  are  considered 
reliable. 

VISIBILITY.-^  Visibility  in  the  Tropics  is  usu- 
ally good.  It  is  a  minor  element  in  the  analysis 
compared  to  middle  latitudes. 

Here  we  need  to  consider  only  haze,  which 
over  the  oceans  is  mostly  produced  by  accumu- 
lation of  salt  particles  absorbing  moisture.  This 
is  called  wet  haze.  Such  accumulation  goes  with 
very  stable  conditions  and  suppressed  convec- 
tion, often  in  conjunction  with  strong  surface 
winds.  Many  salt  particles  are  picked  up  from 
the  sea;  these,  however,  cannot  penetrate  the 
strong  inversion  lid  present,  nor  are  they  precipi- 
tated back  to  the  ocean  due  to  the  lack  of 
showers.  Since  a  definite  synoptic  condition  is 
indicated,  it  is  worthwhile  to  keep  track  of 
intensity  and  extent  of  wet  haze. 

Dry  haze  occurs  occasionally  when  continen- 
tal air  with  a  high  dust  content  moves  over  the 
ocean.  This  permits  a,ssigning  a  source  region  for 
the  air.  Although  of  not  much  interest  in  general 
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tbrecasting,  this  may  be  of  importance  for 
special  purposes.  Haze  also  is  produced  at  times 
following  volcanic  eruptions  when  a  large  part  of 
the  erupted  material  is  trapped  under  a  trade 
inversion.  Such  haze  lias  been  known  to  persist 
for  more  than  a  week,  gradually  spreading  over  a 
large  area. 

Upper  Air  Data 

UPPER  WINDS.  Pilot  balloon  and  rawin  data 
generally  are  representative  except  when  wind 
speeds  arc  less  than  5  knots.  The  main  thing  to 
ascertain  is  the  quality  of  upper  wind  soundings. 
At  times,  upper  winds  plotted  on  time  sections 
at  certain  stations  yield  a  fantastic  sequence. 
Wind  directions  and  speeds  cliange  violently 
with  height  and  time,  though  the  weather 
remains  the  same  and  no  other  station  shows 
such  remarkable  fluctuations.  When  this 
happens,  it  is  best  to  separate  the  good  from  the 
bad.  Never  discard  a  whole  report,  because  part 
of  it  is  usually  good.  You  just  have  to  find  it. 

Here  again,  with  experience  the  Aerographer's 
Mate  will  learn  which  stations  can  be  relied  upon 
to  transmit  accurate  wind  data. 

UPPER  AIR  SOUNDINGS.  Certain  informa- 
tion is  provided  with  considerable  accuracy  by 
radiosonde  data.  Temperature  inversions,  espe- 
cially the  large  trade  wind  inversions,  are  re- 
corded very  .satisfactorily.  The  same  holds  true 
for  the  low-level  moisture  distribution. 

Comparisons  between  careful  measurements 
made  by  specially  equipped  aircraft  and  laob 
data  have  brought  out  that  a  dry  adiabatic  lapse 
rate  is  normal  for  the  subcloud  layer  but  that 
the  radiosonde  often  shows  a  more  stable 
structure.  In  the  high  troposphere,  observers 
frequently  encode  only  the  required  standard 
levels  and  do  not  transmit  enough  significant 
points.  As  a  result  the  lapse  rate  shows  changes 
at  each  standard  level,  which  is  obviously  not 
true.  Tropopause  pressures  are  also  affected  by 
this  practice,  even  though  many  observers  are 
apt  to  enter  one  significant  point  for  very 
well-pronounced  tropopauses  rather  than  put 
them  at  one  of  the  standard  levels. 

Upper  air  soundings  can  be  most  unreliable  in 
the  Tropics  at  certain  times:  therefore  care 
should  be  used  before  a  sounding  is  accepted  as 
valid.  See   if  it  fits  the  synoptic  situation. 
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Temperature  and  moisture  distribution  will  vary 
considerably  if  one  instrument  ascends  just 
outside  a  thunderstorm  or  shower,  and  the 
precipitation  is  of  a  local  nature  and  is  unrepre- 
sentative of  the  surrounding  area. 

Reconnaissance  Reports 

Regularly  scheduled  reconnaissance  reports 
by  weather  squadron  aircraft  and  unscheduled 
reports  by  other  aircraft  supplement  the  surface 
and  upper  air  reports  received  from  land  stations 
and  ships.  Flight  procedures  change  from  year  to 
year  and  are  fully  described  in  other  pub- 
lications. 

CENTER  FIX.  It  is  very  dangerous  proce- 
dure to  disregard  a  reported  position  of  the 
storm  center  which  does  not  agree  with  your 
preconceived   ideas.  There  have  been  a  few 
erroneous  reports  by  reconnaissance;  therefore, 
proceed  cautiously  when  faced  with  the  above 
situation.  Over  the  years,  these  standards  ot 
accuracy  have  been  set:  dead  reckoning  fix, 
within  30  miles;  Loran  fix  in  a  single  line  area, 
within  15  miles:  and  Loran  fix  in  a  good  area, 
within    10  miles.  It  is  worthwhile  to  follow 
successive  positions  closely,  correlate  them  with 
wind  reports,  and  see  that  the  latest  reported 
aircraft  position  fits  with  the  capabilities  of  the 
aircraft  in  use.  This  serves,  also,  as  a  check  on 
the  storm  center  position  when  obtained.  Radar 
fixes  will  normally  fall  within  the  limits  of 
accuracy  set  forth  above.  However,  it  is  a  good 
plan  to  obtain  a  series  of  fixes  before  making  a 
final  decision.  If  the  storm  eye  is  not  clearly 
defined,  radar  fixes  have  a  disconcerting  habit  of 
jumping  around.  They  need  some  averaging. 

When  frequent  fixes  are  given,  sometimes  at 
intervals  as  small  as  20  minutes,  the  inherent 
errors  in  navigation  and  determination  of  the 
exact  center  of  an  eye  may  lead  the  unwary 
forecaster  into  embarrassing  traps.  Do  some 
reasonable  smoothing  and  keep  in  mind  that 
there  are  minor  oscillations  of  the  storm  center 
about  the  mean  track. 

WINDS.  Surface  wind  reports  from  recon- 
naissance aircraft  able  to  observe  the  sea  are 
quite  reliable.  The  error  in  the  reported  direc- 
tion will  usually  be  under  I0^  For  speed  the 
error  will  not  exceed  5  knots  when  the  wmd  is 
below  60  knots,  and  it  will  be  under  10  to  20 
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knots  at  speeds  troni  60  to  100  knots.  Flight- 
level  winds  will  be  about  as  accurate  in  an  area 
where  Loran  facilities  are  available. 

Most  authorities  disagree  as  to  how  accurate 
the  speeds  are  above  100  knots,  but  it  should  be 
assumed  the  error  will  be  much  larger.  In 
considering  the  accuracy  of  the  surface  wind, 
consideration  must  be  given  to  the  height  of  the 
aircraft.  The  accuracy  will  be  less  reliable  if  the 
aircraft  is  above  10,000  feet,  and  if  there  are 
many  clouds  present,  the  reported  wind  may  not 
be  the  highest,  but  will  be  the  highest  observed. 

Flight-level  winds  obtained  with  the  Doppler 
equipment  are  very  accurate  and  compare 
closely  with  rawin  reports. 

Other  flight-level  winds  are  averaged  over  a 
given  distance  and  should  be  considered  care- 
fully especially  where  Loran  facilities  are  poor. 
The  best  way  to  judge  these  types  of  reports  is 
to  have  several  reports  in  a  given  area  and  use  an 
average  of  all  the  reports. 

The  wind  report  should  be  carefully  plotted 
with  a  protractor  on  a  large-scale  map.  Direction 
and  speed  should  be  entered  by  number  along 
with  wind  barb.  The  relative  accuracy  of  the 
wind  reports  merits  careful  treatment,  as 
(1)  they  are  used  for  center-position  determina- 
tions in  the  event  the  tlight  aborts  and  does  not 
penetrate  far  enough  for  a  center  fix,  (2)  they 
will  enter  into  computations  of  objective  fore- 
casting techniques,  and  (3)  they  are  of  value  for 
research  purposes. 

OTHER  ELEMENTS.  Surface  pressure 
reports  are  usually  quite  accurate,  and  heights  of 
standard  upper  levels  are  good  but  may  be  in 
error  at  times.  A  reported  height  can  be  com- 
pared to  a  reporting  rawinsonde  station;  if  there 
is  a  difference,  the  difference  is  usually  appli- 
cable to  all  the  reports  from  the  same  aircraft. 

The  other  elements  such  as  weather,  state  of 
the  sea,  turbulence,  clouds,  temperature,  and  the 
like  are  all  important  and  should  be  judged  in 
the  same  manner  as  other  similar  data. 

Commercial  and  Military 
Transport  Aircraft  Reports 

These  reports,  when  available,  are  of  value. 
The  present  weather  given  in  the  reports  is 
helpful,  and  the  D-values  are  very  useful  in 
determining  the  wind  field.  Accuracy  of  D- 


values  will  vary  radically  with  the  method  of 
position  determination  and  due  to  the  limita- 
tions of  instruments.  The  D-value  and  gradient 
between  consecutive  reports  from  the  same 
aircraft  are  usually  quite  accurate.  Wind  reports 
are  averaged  over  a  period  of  20  to  30  minutes. 
This  is  a  point  often  overlooked  when  analyzing 
the  data. 

If  you  have  access  to  the  navigators  of  these 
nights,  it  is  possible  to  conduct  a  successful 
program  for  improvement  in  the  caliber  of 
reporting.  This  is  an  opportunity  which  should 
not  be  missed. 

ANALYSIS  APPROACH 

A  rational  approach  to  analysis  in  any  region 
depends  on  (l)the  objectives  of  the  analysis, 

(2)  the  type  and  quality  of  the  observations,  and 

(3)  the  space  and  time  distribution  of  the 
observations.  So  far,  we  have  discussed  point 
(2).  With  the  preceding  evaluation  of  the  reports 
in  mind,  consider  now  point  (3)  and  several 
steps  which  will  permit  an  analyst  to  come  as 
closely  as  possible  to  a  representation  of  the 
space  and  time  distribution  of  pressure,  temper- 
ature, wind,  and  weather. 

Both  the  lower  and  the  higher  troposphere 
must  be  considered  in  forecasting.  Thus,  you 
need  good  upper  air  charts  as  a  basic  step  toward 
good  prognoses.  The  data,  however,  are 
scattered,  often  so  widely  that  whole  synoptic 
systems  can  be  situated  between  stations  and 
escape  notice.  Make  as  much  of  the  upper  air 
data  at  these  ,scattered  stations  as  po,ssible:  this  is 
accomplished  with  the  time-section  technique. 
Further,  utilize  the  more  numerous  and  frequent 
surface  observations  to  help  with  the  upper  air 
analysis.  Do  this  with  the  technique  known  as 
differential  analysis. 

In  preparing  charts,  you  must  work  both 
downward  from  the  upper  air  information  and 
upward  from  the  surface  reports. 

The  analysis  procedure  is  broken  down  into 
four  successive  steps  in  the  remaining  sections  of 
this  chapter.  They  are  as  follows: 

1.  Complete  utilization  of  the  upper  air  data 
with  the  time  section  method. 

2.  Low-level  wind  analysis.  Pilot  balloons  in 
the  lower  troposphere  are  far  more  frequent 
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than  liigli-reacliing  soundings.  Since  the  wind 
field  at  the  gradient  level  is  usually  a  belter 
indicator  of  Tow-level  conditions  than  surface 
isobais,  this  step  defines  the  low-level  dis- 
turbances and  helps  guide  the  drawing  of 
isobars. 

3.  Surface  analysis.  It  consists  of  three  parts: 
pressure,  pressure  change,  and  cloud  and 
weather  analysis. 

4.  Preparation  of  contour  and  contour 
change  charts  at  upper  isobaric  surfaces  with  the 
differential  analysis  method. 

APPLICATION  OF  SATELLITE  DATA 

h  on-^  area  where  satellite  data  has  been  the 
greatest  a.Sbct  to  the  meteorologist  were  to  be 
singled  out,  more  than  likely  it  would  be  the 
Tropical  region. 

The  great  Ocean  expanses,  as  well  as  •^parsity 
reports,  within  this  region  have  enabled  weather 
phenomena  to  develop  to  great  proportions 
without  being  discovered  in  normal  analysis. 

With  the  advent  of  satellite  pictures  on  a 
continuing  basis,  the  meteorologist  has  been 
provided  with  a  tool  which,  when  used  properly, 
will  aid  in  discovery,  as  well  as  improve  the 
understanding  of  the  various  tropical 
phenomena. 

Interpretation  of  the  satellite  pictures  for  the 
tropical  phenomena  will  be  discussed  in  that 
portion  of  this  chapter  dealing  with  tropical 
analysis. 

TROPICAL  PHENOMENA 

Within  this  section  of  the  chapter  we  will 
discuss  phenomena  that  are  found  within  the 
tropical  region  and  in  most  cases  have  no 
corresponding  mid-latitude  phenomena.  Among 
those  phenomena  discussed  here  will  be  the 
.shear  lines,  subtropical  jets,  tropical  easterly  jet, 
tropical  waves,  vortices,  the  intertropical  con- 
vergence zone  (ITCZ),  and  tropical  cyclones. 
For  more  in-depth  discussion  of  these  and  other 
tropical  phenomena  it  is  recommended  thai  you 
refer  to  AWS  Technical  Report  240,  Forecasters 
Guide  to  Tropical  Meteorology. 

SHEAR  LINE 

A  shear  line  is  defined  as  a  line  or  narrow 
zone  across  which  there  is  an  abrupt  change  in 


the  horizontal  wind  component  parallel  to  this 
line.  It  most  commonly  refers  lo  lines  of 
cyclonic  shear.  Monsoon  and  upper  tr^^pospheric 
troughs  as  well  as  remnants  of  old  coiu  fronts 
are  examples  of  shear  lines. 

It  has  been  known  for  many  years  that  cold 
fronts  from  mid4atitude  penetrate  deep  into  the 
tropics  and  occasionally  move  across  the  equa- 
tor. With  the  meteorological  satellite  pictures 
available  today  it  has  become  relatively  easy  to 
track  the  cold  fronts  (shear  lines)  well  into  the 
tropics,  over  oceanic  areas.  The  leading  edge  of 
the  front  is  usually  marked  by  a  pronounced  line 
of  convection  and  a  .series  of  convection  lines 
oriented  parallel  to  the  front  (and  to  the  wind) 
may  occur  on  the  poleward  side  of  the  main 
line.  The  average  tops  in  these  shear  lines  are 
usually  not  high  (10,000  to  15,000  feet)  but  the 
associated  low  ceilings  and  rainfall  along  the  line 
may  cause  poor  terminal  weather  conditions, 
especially  with  orographic  effects. 

Surface  cold  fronts  often  penetrate  to  low 
latitudes  over  tropical  continental  areas  during 
the  cold  season.  Even  though  currents  of  polar 
air  are  usually  rather  shallow  by  the  time  they 
reach  subtropical  latitudes,  a  surface  tempera- 
ture and  dewpoint  discontinuity,  and  a  shear 
line,  can  be  maintained  to  low  latitudes  in 
continental  areas  because  of  the  repeated  noc- 
turnal radiational  cooling  in  the  clear,  d:y  air 
mass  behind  the  front. 

SUBTROPICAL  JET 
STREAM  (STJ) 

Subtropical  jet  streams  are  a  persistent  feature 
of  the  tropical  general  circulation.  A  detailed 
study  of  the  northern  hemisphere  subtropical  jet 
stream  during  winter  shows  it  to  be  a  simple 
broadscale  current  with  very  high  wind  speeds. 
The  subtropical  jet  stream  is  continuous  around 
the  world  and  speeds  of  150  to  200  knots  are 
not  uncommon.  There  is  a  basic  three  wave 
pattern  with  ridges,  and  maximum  wind  speeds 
are  over  the  east  coasts  of  Asia  and  North 
America  and  the  Middle  East.  The  mean  latitude 
is  27. 5N  ranging  from  20  to  35  degrees  North. 
Averaged  around  the  hemisphere,  the  core  speed 
is  about  140  knots,  located  near  the  200-mb 
level. 
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TROPICAL  EASTERLY 
JET(TEJ) 

The  tropical  easterly  jet  is  a  persistent  feature 
over  extreme  soutliern  Asia  and  nortliern  Africa 
during  the  nortliern  Iieniispliere  summer.  Tlie 
tropical  easterly  jet  extends  over  tlie  layer  from 
200-  to  lOO-mb  in  the  latitude  belt  5  to  20 
degrees  North.  It  is  remarkably  persistent  in  its 
position,  direction  and  intensity. 

TROPICAL  WAVES 

A  tropical  wave  is  defined  as  a  trough  or 
cyclonic  curvature  maximum  in  the  trade  wind 
easterlies.  The  wave  may  reach  maximum  am- 
plitude in  the  low  or  middle  troposphere  or 
may  be  the  reflection  from  the  upper  tropo- 
sphere of  a  cold  low  or  equatorward  extension 
of  a  mid-latitude  trough. 

First   extensive  investigation   into  tropical 
waves  was  begun  in  the  I940's.  Using  surface 
pressure  data   they  were  able  to  track  the 
movement  of  isallobaric  centers  across  the  west- 
ern Athmtic  and  Caribbean  Sea  area.  They  found 
these  isallobaric  centers  were  accompanied  by 
westward  moving,  wave-like  oscillations  in  the 
basic  easterly  current  in  the  lower  troposphere. 
These  waves  moved  at  average  speeds  of  10  to 
15  knots,  reached  their  maximum  intensity  in 
the  layer  from  700  to  500  mb,  and  sloped 
eastward  with  height.  In  the  typical  ease  where 
the  wave  moved  slower  than  the  basic  current  in 
lower  levels,  and  faster  than  the  basic  current  in 
upper  levels,  the  area  west  of  the  wave  trough 
was   characterized    by    subsidence    and  fair 
weather,  while  areas  of  convergence  and  dis- 
turbed weather  occurred  east  of  the  trough.  The 
basic  tropical  wave  model  is  shown  in  figure 
12-1.  The  top  portion  of  the  figure  shows  an 
east-west  vertical  cross  section  of  the  winds 
through  the  wave  at  its  latitude  of  maximum 
development,  and  the  bottom  shows  the  surface 
pressure  and  10.000  to  15,000  foot  streamline 
patterns.  The  positions  of  the  surface  and  upper 
level  troughs  and  the  weather  distribution  ac- 
companying the  wave  are  also  indicated. 

Later  investigations  revealed  that  a  number  of 
waves  move  westward  faster  than  the  basic 
current.  In  this  ca.se,  convergence  occurred  west 
of  the  wave  axis  and  became  strong  near  the 
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Figure  12-1. -Model  of  a  tropical  wave  both 
vertical  and  horizontal. 


axis.  The  cloud  pattern  across  the  wave  varied 
considerably,  with  cumuliform  clouds  including 
cumulonimbus  evident  west  and  a  nimbostratus 
layer  dominant  east  of  the  axis. 

Another  variation  of  cloud  pattern  associated 
with  tropical  waves  was  labeled  the  inverted-V 
formation.  This  name  was  adopted  because  the 
clouc!  bands  are  arranged  in  a  herringbone 
pattern  somewhat  resembling  a  nested  series  of 
upside-down  Vs.  Figure  12-2  illustrates  this 
type  of  tropical  wave.  This  type  of  wave  is  best 
defined  in  the  eastern  and  central  North  Atlantic 
where  it  shows  reasonably  good  day  to  day 
continuity.  These  waves  move  westward  at  an 
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Figure  12'2,~lnvened  V  tropical  wave  cloud  pattern. 

average  speed  of  16  knots  which  is  about  the 
speed  of  the  low-level  trades. 

With  the  increased  use  of  satellite  data  as  well 
as  increased  amounts  of  meteorological  data  it 
has  become  apparent  that  there  are  a  wide 
variety  of  weather  producing  systems  in  the 
tropics  and  that  the  classical  tropical  wave  does 
not  occur  as  frequently  as  originally  believed. 

VORTICES 

Cyclonic  cloud  and  circulation  patterns  occur 
frequently  in  the  tropical  region.  These  features 
are  referred  to  as  vortices. 

Some  of  the  weak  vortices  develop  tropical 
storm  or  higher  classification  while  others  even- 
tually dissipate  with  little  intensification. 

These  vortices  had.  for  the  most  part,  gone 
undetected  with  the  conventional  reporting  net- 
works but  became  quite  apparent  as  the  use  of 
satellite  pictures  became  widespread. 

It  is  still  difficult,  from  the  satellite  photo- 
graphs alone,  to  determine  at  what  tropospheric 
level  the  circulation  associated  with  the  cloud 
vortex  is  most  intense  the  level  where  the 
maximum  cyclonic  vorticity  occurs. 
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To  determine  this,  tropical  meteorologists 
need  to  use  all  available  conventional  data  and 
have  a  thorough  knowledge  of  the  climatology 
of  various  types  of  vortices  in  specific  areas  and 
seasons.  A  thorough  and  comprehensive  dis- 
cussion of  this  is  given  in  AWS  Technical  Report 
240,  Forecasters  Guide  to  Tropical  Meteorology. 

JNTERTROPICAL  CONVERGENCE 
ZONE(ITCZ) 

As  satellite  pictures  have  greatly  increased  the 
amount  of  information  provided  meteorologists 
to  improve  forecasts,  they  have  also  led  to  some 
changes  in  theories  concerning  various  plienoni- 
eni».  One  of  the  phenomena  so  affected  is 
Intertropical  Convergence  Zone  (ITCZ),  or  as  it 
is  frequently  referred  to  now,  zone  of  Inter- 
tropical Conlluence  (ITC). 

By  definition  the  Regional  Tropical  Analysis 
Center  denotes  this  as:  *'A  nearly  continuous 
nuencc  line  (usually  confluent)  representing  the 
principal  asymptote  of  the  Equatorial  Trough," 
In  general  this  refers  to  the  area  where  horizon- 
tal convergence  of  the  airflow  is  occurring. 

Figure  12-3  shows  a  typical  cloud  band 
associated  with  the  ITC. -It  is  within  this  cloud 
band  that  disturbances  frequently  occur.  The 
cloud  band,  at  times,  is  narrow  (2  to  3  degrees 
latitude)  and  continuous  for  thousands  of  miles. 
At  other  times,  it  is  discontinuous  and  is 
characterized  by  a  number  of  large  cloud  areas  5 
to  10  degrees  in  latitude  across.  On  occasion, 
vortical  cloud  patterns  are  observed  within  the 
ITCZ  cloud  band. 

Generally,  disturbances  along  the  ITCZ  move 
from  east  to  west  and  can  move  poleward  and 
develop  into  tropical  storms.  These  disturbances 
are  most  frequent  in  the  doldrum  portions  of 
the  equatorial  trough.  In  that  area,  low-level 
cyclonic  wind  shear  is  present  over  large  areas. 
This,  together  with  friction,  produce  the  forced 
convergence  necessary  for  development  of  the 
individual  cloud  systems  which  form  the  ITCZ 
cloud  band.  Figure  12-4  shows  the  cloud  pattern 
typical  of  an  active  doldrum  trough  in  the 
Western  Pacific, 

It  has  been  determined  that  the  presence  of 
surges  of  How  from  one  hemisphere  to  the  other 
is  one  of  the  controlling  factors  of  ITCZ  clouds. 
As  air  moves  across  the  equator,  anticyclogenesis 
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Figure  12-3.-Satellite  photograph  of  cloud  band  associated  with  ITC2. 
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takes  place.  This  results  in  a  reduction  or 
clearing  of  cIoucL^  along  one  portion  of  the  ITCZ 
cloud  band  and  an  intensification  of  the  cloud 
band  in  advance  of  the  burst  of  cross  equatorial 
flow. 

Weather  Along  the  iTCZ 

The  degree  and  severity  of  the  weather  along 
the  ITCZ  vary  considerably  with  the  degree  of 
convergence  between  the  two  air  currents.  The 
zone  of  disturbed  weather  may  be  as  little  as  20 
to  30  miles  in  width  or  as  much  as  300  miles. 
Under  typical  conditions,  frequent  rainstorms, 
cumulus  and  cumulonimbus  type  clouds  and 


local  thunderstorms  occur.  Violent  turbulence 
may  be  associated  within  these  storms.  Cloud 
bases  may  lower  to  below  1 ,000  feet,  or  even  be 
indistinguishable,  in  heavy  showers.  Their  tops 
frequently  exceed  40.000  feet.  An  extensive 
layer  of  altocumulus  and  altostratus  usually 
occurs  due  to  the  spreading  out  of  the  upper 
parts  of  the  clouds.  These  clouds  vary  in  height 
and  thickness  with  the  currents  of  ihc  air 
masses.  At  hijier  levels  a  broad  deck  of  cirro- 
stratus  spreads  out  on  both  sides  of  the  zone. 
Visibility  is  generally  good  except  when  reduced 
by  heavy  rain  shower  activity. 

Surface  wind  in  the  vicinity  of  the  ITCZ  is 
generally  squally  in  the  heavy  shower  areas. 
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its  maximum  just  before  dawn  with  a  minimum 
occurring  late  in  the  morning  or  early  afternoon. 
Over  land  areas  the  reverse  is  true,  except  on 
coastal  areas  when  the  wind  has  an. onshore 
component.  In  this  case  the  diurnal  maximum  of 
precipitation  takes  place  in  the  early  morning. 


Seasonal  Variation 

Through  the  use  of  mapped  digital  satellite 
data  for  1967,  the  seasonal  meridioi.. »  displace- 
ment of  the  cloud  band  associated  with  the 
ITCZ  has  been  determined.  See  figure  12-5. 

The  cloud  pictures  revealed  that  the  cloud 
band  has  somewhat  different  characteristics  in 
different  parts  of  the  world.  In  the  Atlantic,  it  is 
centered  about  3N  in  the  winter  season  and 
moves  to  about  8N  by  late  summer.  In  the 
Pacific,  the  seasonal  fluctuation  of  the  cloud 
band  is  not  readily  apparent  in  that  part  of  the 
band  east  of  150W.  Seasonal  pressure  changes 
over  North  America  may  be  responsible  for  the 
seasonal  shift  of  the  ITCZ  cloud  band  in  the 
eastern  part  of  the  Pacific  Ocean.  There  is  some 
evidence  of  a  second  cloud  band  associated  with 
the  ITCZ  in  the  eastern  Pacific.  Besides  the  main 
band  north  of  the  equator,  a  weak  band  appears 
at  5S  in  the  January  through  March  average.  The 
strength  of  the  second  band  varies  from  year  to 
year;  in  some  instances  it  fails  to  develop  at  all. 
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Figure  12-4.— Typical  satellite-observed  cloud  cluster 
patterns  relative  to  a  doldrum  equatorial  trough. 

Usually  these  winds  in  the  squalls  do  not  exceed 
15  to  25  knots  but  winds  of  40  to  50  knots  or 
higher  have  been  reported. 

Ice  formation  in  the  heavy  cloud  masses 
associated  with  the  ITCZ  is  likely  to  reach 
serious  proportions  when  pilots  are  flying  at 
altitudes  above  15,000  feet.  (This  is  roughly  the 
average  freezing  level  in  equatorial  regions.) 

The  intensity  of  the  ITCZ  varies  inter- 
diurnally,  from  day  to  day  and  to  a  lesser  degree 
annually.  Over  ocean  areas,  precipitation  reaches 
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riie  ITC2  cloud  band  in  the  Indian  Ocean 
during  the  Southern  Hemisphere  summer  is 
much  broader  than  those  of  either  the  Atlantic 
or  eastern  Pacific  Oceans. 

TROPICAL  CYCLONES 

The  most  destructive  of  all  weather  phenom- 
ena is  the  tropical  cyclones.  While  a  tornado 
exceeds  the  severity  of  a  full-fledged  tropical 
cyclone  in  a  smaller  area,  it  has  a  comparatively 
short  path  and  life  duration.  The  tropical 
cyclone  due  to  its  greater  horizontal  extent  and 
longer  life  exceeds  any  other  phenomena  in  total 
damage  and  loss  of  life. 

Tropical  cyclones  have  been  given  various 
names  in  different  regions  of  the  world,  however 
they  all  have  essentially  the  same  characteristics. 
Although  the  tropical  cyclone  normally  covers  a 
large  area,  roughly  circular  or  elliptical  in  shape. 
It  is  usually  of  small  size  compared  with  large 
extratropical  cyclones.  It  differs  also  in  that 
there  are  no  distinct  cold  and  warm  sectors  and 
no  well-defined  surfaces  of  discontinuity  or 
fronts  at  the  surface  while  the  cyclone  is  in  the 
Tropics.  The  tropical  cyclone  is  found  most 
frequently  in  summer  or  autumn  of  the  hemi- 
sphere in  which  it  occurs,  while  the  extratropical 
cyclone  is  most  frequent  in  cold  months.  Tropi- 
cal cyclones  have  no  moving  anticyclones  as 
companions  while  in  the  Tropics.  In  many  other 
features,  such  as  the  region  of  calm  or  relative 
calm  called  the  "eye,''  the  east  to  west  com- 
ponent of  progressive  motion  in  its  early  history, 
and  the  distribution  of  rainfall,  tropical  cyclones 
are  distinctive.  However,  on  leaving  the  Tropics 
they  take  on  some  of  the  characteristics  of 
extratropical  cyclones. 

Classification  of  Tropical  Cyclones 

The  nomenclature  of  tropical  cyclones  varies 
considerably.  At  times  such  terms  as  "tropical 
cyclone/'  "tropical  storm."  "hurricanes,"  and 
"typhoons"  are  used  almost  interchangeably 
with  little  regard  for  differences  in  size  or 
intensity.  There  are  generally  three  recognized 
categories  of  non frontal  cyclones  of  tropical 
origin,  all  of  which  must  .show  evidence  of  a 
closed  circulation  at  the  surface.  These  are 
distinguished  in  terms  of  observed  or  estimated 
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surface  wind  speeds  associated  with  the  systems 
as  follows: 

1.  Tropical  Depression.  Maximum  wind.s  less 
than  34  knots  and  one  or  more  closed  isobars  on 
the  surface.  Normally  these  are  expected  to 
intensify. 

2.  Tropical  Storm.  Closed  surface  isobars 
with  maximum  winds  34  to  63  knotsjnclusive, 

3.  Hurricane/Typhoon,  Maximum  winds  of 
64  knots  or  higher. 

Life  Cycle  of  the  Hurricane/Typhoon 

The  energy  that  sustains  tropical  cyclones  is 
derived  from  the  energy  that  is  released  through 
the  latent  heat  of  condensation.  The  energy 
source  is  furnished  to  the  tropical  storm  by  the 
warm  water  sources  over  which  it  develops  and 
moves.  The  warm  moist  air  is  lifted  by  a 
combination  of  convergence  and  instability  of 
the  air  until  it  condenses.  Upon  condensation 
the  latent  heat  is  liberated.  However,  if  the 
storm  passes  over  a  large  land-mass,  the  source 
of  energy  is  cut  off  and  the  storm  will  eventually 
dissipate.  As  the  storm  moves  from  southerly 
latitudes  to  higher  latitudes,  the  moisture  and 
heat  source  are  no  longer  present  and  the  storm 
will  assume  extratropical  characteristics. 

The  average  lifespan  of  this  type  storm  is 
about  6  days  from  the  time  they  form  until  they 
either  move  over  a  land  surface  or  recurve  to 
higher  latitudes.  Some  storms  last  only  a  few 
hours,  while  some  last  as  long  as  2  weeks.  The 
evolution  of  the  average  storm  from  birth  to 
dissipation  has  been  divided  into  four  stages: 

1.  Formative  or  Incipient  Stage.  This  stage 
starts  with  the  birth  of  the  circulation  and  ends 
at  the  time  that  hurricane/typhoon  intensity  is 
reached.  This  stage  can  be  slow,  requiring  days 
for  a  weak  cyclonic  circulation  to  begin,  or  in 
the  case  of  development  on  an  easterly  wave,  it 
can  be  relatively  explosive,  producing  a  well- 
formed  eye  in  as  little  ;is  12  hours.  In  this  stage 
the  minimum  pressure  reached  is  about  1,000 
millibars.  A  good  indication  that  a  system  of  this 
type  has  formed  or  is  forming  is  the  appearance 
of  westerly  winds  (usually  10  knots  or  more)  in 
low  tropical  latitudes  where  easterly  winds 
normally  prevail. 
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2.  Immature  or  Intensification  Stage.  This 
stage  lasts  from  the  time  the  system  reaches 
hurricane-typhoon  intensity  until  the  time  it 
reaches  its  maximum  intensity  in  winds  and  its 
lowest  central  pressure.  The  lowest  central  pres- 
sure often  drops  well  below  KOOO  millibars  and 
the  wind  system  becomes  organized  in  a  tight 
ring  around  the  eye  with  a  fair  degree  of 
symmetry.  The  cloud  and  precipitation  fields 
develop  nito  narrow,  inward  spiraling  bands. 
Usually  the  radius  of  the  strongest  winds  are  no 
more  than  60  miles  around  the  center.  This 
development  may  take  place  gradually  or  occur 
in  less  than  1  day. 

3.  Mature  stage.  This  stage  lasts  from  the 
time  the  huiricane/typhoon  attains  its  maximum 
intensity  until  it  weakens  to  below  this  intensity 
or  transforms  to  an  extratropical  cyclone.  In  this 
stage,  the  storm  may  exist  for  several  days  at 
nearly  the  same  level  of  intensity  or  decrease 
slowly.  The  storm  grows  in  size,  with  strong 
wmds  reachnig  farther  and  farther  from  »ae 
center.  The  weather  and  winds  usually  cx\u\d 
farther  in  the  right  semicircle  of  the  storm.  By 
the  time  the  storm  reaches  this  stage  it  is  usually 
well  advanced  toward  the  north  and  west,  or  it 
has  already  recurved  into  the  westerlies.  The 
typhoons  of  the  Pacific  usually  last  longer  in  the 
mature  stage  and  grow  to  larger  sizes  than 
hurricanes  in  the  Atlantic. 

4.  Decaying  Stage.  This  stage  may  be  charac- 
terized by  rapid  decay  as  in  the  case  of  many 
storms  which  move  inland,  or  after  recurvature 
the  transformation  into  a  midiile  latitude 
cyclone.  In  the  former  case  the  storm , steadily 
loses  strength  and  character.  In  cases  of  trans- 
formation there  is  frequently  a  regeneration  in 
the  middle  latitudes  which  results  in  mainte- 
nance or  redevelopment  of  strong  winds  and 
other  hurricane/typhoon  characteristics. 

There  is  no  set  duration  for  the  time  a  storm 
may  be  in  any  one  stage.  It  is  entirely  possible 
that  a  storm  will  skip  one  stage  or  go  through  it 
in  such  a  short  time  that  it  is  not  distinguishable 
without  the  available  synoptic  data.  Satellite 
picture  interpretation  has  improved  the  possibil- 
ity of  observing  the  various  stages  of  tropical 
cyclones.  It  has  led  to  a  newer  classification  of 
storms,  from  satellite  pictures,  which  is  divided 
into  stages  and  types. 
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Characteristics  of 
Hurricanes/Typhoons 

To  make  the  most  efficient  analysis  of  avail- 
able data  in  the  vicinity  of  tropical  cyclones,  the 
forecaster  must  be  familiar  with  the  normal 
wind,  pressure,  temperature,  clouds,  and 
weather  patterns  associated  with  these  storms. 
No  two  tropical  cyclones  are  exactly  alike.  On 
the  contrary  there  are  veiy  great  variations 
between  storms.  However,  certain  general 
features  appear  with  .sufficient  frequency  to 
predominate  in  the  mean  pattern.s.  These 
features  serve  as  a  valuable  guide  when  recon- 
structing the  picture  of  an  individual  tropical 
cyclone  from  sparse  data. 

Since  the  meteorological  elements  are  not 
distributed  uniformly  throughout  all  sections  of 
the  storm,  it  is  customary  to  describe  the  storms 
in  terms  of  four  quadrants  or  right  and  left 
semicircles,  .separated  by  the  line  along  which 
the  center  of  the  storm  is  moving  and  normal  'o 
this  line  at  the  cyclone  center.  Actually,  in 
nature  there  are  no  clearly  defined  lines  of 
demarcations  between  these  areas.  The  general 
features  of  hurricanes/typhoons  given  in  the 
following  section  apply  mainly  to  the  mature 
stage. 

1.  Surface  Winds.  The  surface  winds  blow 
inward  in  a  counterclockwi.se  direction  toward 
the  center  with  those  in  the  left  rear  quadrant 
having  the  greatest  angle  of  infiow  (in  the 
Northern  Hemisphere).  The  diameter  of  the  area 
affected  by  the  hurricane/typhoon  force  winds 
may  be  in  excess  of  100  miles  in  large  storms  or 
as  small  as  25  to  35  miles.  Gale  winds  sometimes 
cover  an  area  500  to  800  miles  or  more.  The 
maximum  extent  of  strong  winds  is  usually  in 
the  direction  of  the  major  subtropical  anti- 
cyclone which  is  most  frequently  to  the  right  of 
the  line  of  movement  of  the  storm  in  the 
Northern  Hemisphere.  No  accurate  measurement 
of  the  peak  wind  speeds  of  large  mature  storms 
has  been  made  with  any  reliable  degree  of 
accuracy.  Speeds  of  140  knots  have  been  re- 
corded and  it  seems  reasonable  to  assume  that 
speeds  of  200  knots  may  be  attained  at  altitudes 
several  hundred  feet  above  the  surface. 

2.  Surface  Pressure.  Since  the  central  surface 
pressure  of  the  mature  storm  is  well  below 
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average,  sea  level  isobars  furnish  an  excellent 
tool  for  analysis  of  these  .storms.  Isobars  may  be 
nearly  synimetrieal  or  they  may  assume  an 
ellipiieal  shape.  The  pressure  gradient  to  the 
right  of  the  storm's  motion  is  strongest  due  to 
the  forward  motion  of  the  storm  against  the 
existing  pressure  gradient.  Various  other  de- 
formations may  oceur.  such  as  the  extention  of 
a  trough  southward  from  the  storm.  Barometric 
tendencies  are  not  a  particularly  good  indication 
of  the  movement  of  the  storm  outside  of  its 
sphere  of  innuencc.  Usually  the  pressure  tails 
with  extreme  rapidity  in  the  3  hours  before  the 
arrival  of  the  storm  and  rises  at  an  equal  rate 
after  passage.  Central  pressures  of  950  to  960 
millibars  are  not  uncommon. 

3,  Surfac'  Temperature.  In  contrast  to  extra- 
tropical  cyclones  the  tropical  cyclone  may  show 
no,  or  very  little,  surface  temperature  reductions 
toward  the  center  of  the  storm,  indicating  that 
the  horizontal  adiabatic  cooling  due  to  the 
pressure  reduction  is  largely  offset  by  the 
addition  of  the  heat  through  the  relea.se  o.  heat 
to  the  atmosphere  through  the  condensation 
processes.  Upper  air  temperatures,  it  has  been 
found,  are  actually  higher  by  5^C  or  more. 

4  Clouds.  The  cloud  patterns  of  tropical 
cyclones  are  also  at  variance  with  tho.se  of  the 
extratropical  cyclones.  In  mature  cyclones 
almost  all  the  eloud  forms  are  found  to  be 
present,  to  be  sure,  but  by  and  large  the  most 
significant  clouds  of  the.se  storms  are  the  heavy 
cumukus  and  cumulonimbus  which  spiral  inward 
toward  the  edge  of  the  eye  of  the  storm, 
becoming  generally  more  massive  and  closely 
spaced  as  they  approach  the  eye.  These  spiral 
bands,  especially  the  leading  ones,  are  also 
referred  to  as  BARS.  Cirrus  and  cirrostratus 
occupy  by  far  the  largest  portion  of  the  sky  over 
the  tropical  cyclone  area.  In  fact,  cirrus, 
becoming  more  dense,  changing  to  cirrostratus 
and  lowering  somewhat,  are  more  often  than  not 
the  first  indicators  of  the  approach  of  a  distant 
storm  or  the  development  of  one  in  the  near 
vicinity.  The  original  appearance  of  the  sky  is 
very  similar  to  that  of  an  approaching  warm 
front.  A  typical  cloud  distribution  chart  for  a 
tropical  cyclone  is  found  in  figure  12-6. 

5.  The  Eye.  The  eye  of  the  storm  is  one  of 
the  oldest  phenomena  known  in  meteorology. 
Precipitation  ceases  abruptly  at  the  boundary  of 


a  well-developed  eye;  the  sky  partly  clears;  and 
the  wind  subsides  to  less  than  15  knots,  and  at 
times  there  is  a  dead  calm.  The  sun  or  the  stars 
become  visible.  In  mature  storms,  the  diameter 
of  the  eye  averages  about  15  miles,  but  it  may 
attain  40  miles  in  large  typhoons.  The  eye  is  not 
always  circular,  sometimes  it  becomes  elongated 
and  even  diffuse  witl^a  double  structure  appear- 
ance. Radar  observations  indicate  that  the  eye  is 
constantly  undergoing  transformation  and  does 
not  stay  in  a  steady  state. 

6.  Precipitation.  Very  heavy  rainfall  is  gener- 
ally associated  with  mature  cyclones.  However, 
the  methods  of  measurement  are  subject  to  such 
large  errors  during  high  winds  that  representative 
figures  on  the  normal  amount  and  distribution 
of  precipitation  cannot  be  .said  to  exist.  Precipi- 
tation IS  generally  concentrated  in  the  inner  core 
where  the  slope  of  the  barograph  trace  is  the 
highest.  Amounts  of  20  inches  are  not  un- 
common. Over  the  open  sea,  rainfall  is  con- 
sidered of  operational  interest  primarily  from 
the  standpoint  of  its  effect  on  ceiling  and 
visibility.  Over  land,  orographic  effects  produce 
concentrations  of  rainfall,  which  often  results  in 
costly  Hoods.  Hurricane  force  winds  forcing 
moisture-laden  tropical  air  up  a  steep  mountain 
slope  often  result  in  phenomenal  rainfall.  A  fall 
of  88  inches  was  recorded  during  one  storm  in 
the  Philippines.  At  the  other  extreme,  as  little  as 
a  trace  has  been  recorded  at  a  station  in  Florida, 
which  had  winds  up  to  120  knots  during  the 
passage  of  a  hurricane. 

7.  State  of  the  Sea.  One  of  the  first  signs  of 
the  tropical  storm  is  the  swell,  which  comes  in  a 
series  of  waves  with  the  time  interval  between 
crests  considerably  longer  than  in  waves  usually 
observed  in  the  Tropics.  Winds  of  the  storm 
create  waves  of  the  sea  which  move  outward 
from  its  center  more  rapidly  than  the  storm 
progresses  and  thus  outrun  the  storm  and  herald 
its  approach.  As  the  wave  moves  onward,  its 
height  from  crest  to  trough  diminishes,  its  length 
is  reduced,  and  it  becomes  a  low  undulating 
wave,  known  as  a  swell.  The  size  and  speed  of 
waves  created  by  the  winds  depend  upon  the 
velocity  of  the  winds  and  the  length  of  water 
surface  over  which  the  winds  blow. 

In  a  tropical  cyclone  the  waves  and  swell 
move  outward  from  the  storm  center  at  a  rate 
which  nearly  always  exceeds  the  speed  of 
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Figure  12*6.— Typical  cloud  distribution  associated  with  a  tropical  cyclone. 


progressive  inoveinent  of  the  storm.  The  swell 
waves  continue  to  move  in  a  straight  Hne 
through  the  storm  area,  whereas  the  winds  turn 
to  the  left  in  the  Northern  Hemisphere  and  to 
the  right  in  the  Southern  Hemisphere. 

The  direction  of  swell  waves  in  the  open  sea 
gives  some  indication  of  the  location  of  the 
storm  center.  When  considered  in  connection 


with  the  direction  of  the  wind,  the  movement  of 
the  swell  waves  is  significant. 

The  period  of  the  swell  waves,  that  is,  the 
time  in  seconds  between  the  passage  of  suc- 
cessive swell  wave  crests,  is  helpful  in  deter- 
mining the  intensity  of  the  storm.  In  the 
Caribbean  Sea  and  the  Gulf  of  Mexico  long 
period  swell  waves  do  not  commonly  occur 
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except  ill  conncciion  with  a  tropical  storm.  The 
appearance  of  heavy  swell  waves  with  a  period 
of  ^>  to  1 5  seconds  during  the  hurricane  season 
in  those  waters  is  an  indication  of  the  existence 
ol  A  tropical  stonii  in  the  direction  from  which 
the  swell  waves  come;  the  longer  swell  wave 
periods,  12  to  15  seconds,  are  almost  certain 
signs  of  the  hurricane.  Figure  12-7  shows  the 
direction  of  wind  and  swell  around  the  hurricane 
center. 
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Figure  12-7.-Direction  of  wind  and  swell  around  the 
hurricane  center.  Solid  arrows  show  the  direction  of 
the  wind;  dashed  arrows  show  direction  of  swell. 
Large  arrow  shows  direction  of  movement  of  the 
storm. 


One  of  the  most  severe  effects  of  hurricane 
damage  occurs  along  coastal  areas  by  large  ocean 
waves.  The  most  .severe  waves  can  be  expected 
where  land  partially  surrounds  bodies  of  water 
such  as  ti.e  Bay  of  Bengal  and  the  Gulf  of 
Mexico  Strong  sustained  winds  in  the  right-hand 


semicircle  cause  a  piling  up  of  water  along 
coastal  areas  as  much  as  10  feet  above  normal. 
Sometimes  these  tides  are  referred  to  as  storm 
tides.  An  even  greater  threat  is  the  so-called 
hurricane  wave.  The  term  "hurricane  wave"  has 
been  applied  to  the  marked  rise  in  the  level  of 
the  sea  near  ihe  center  of  intense  tropical 
cyclones.  This  rise  sometimes  amounts  to  20 
feet  or  more  and  affects  small  isolated  islands  as 
readily  as  continental  shores.  In  partially  en- 
closed seas  they  may  be  superimposed  on  the 
hurricane  and  gravitational  tides.  The  hurricane 
wave  may  occur  as  a  series  of  waves,  but  is 
usually  one  huge  wave.  These  waves  have  pro- 
duced many  of  the  major  hurricane  disasters  of 
history.  There  is  usually  little  warning  of  their 
approach.  However,  they  should  be  anticipated 
near,  and  to  the  right  of,  the  center  of  intense 
tropical  cyclones. 

8.  Vertical  Characteristics.  The  vertical 
structure  of  a  tropical  cyclone  also  differs 
considerably  from  the  extratropical  cyclone. 
The  first  difference  is  that  the  tropical  cyclone  is 
eiways  a  warm  core  low.  The  storm  may  build 
from  the  top  down  as  well  as  from  the  surface 
upward,  and  it  is  for  this  reason  that  only  the 
mature  model  should  be  considered  for  com- 
parison. Subsidence  occurs  in  the  eye  of  the 
storm  below  about  30,000  feet  extending  to 
about  3,000  feet  above  the  surface,  accounting 
for  the  lack  of  or  sparsity  of  low  and  middle 
clouds. 

There  is  present  in  a  mature  storm,  consider- 
able horizontal  and  vertical  mixing,  extending 
from  near  the  surface  to  between  10,000  and 
20,000  feet.  There  is  a  net  horizontal  inflow  of 
air  at  all  levels  to  about  3,000  feet  or  higher, 
above  which  there  is  a  net  horizontal  outflow  of 
air.  This  net  outflow  of  air  is  usually  very 
pronounced  in  the  vicinify  of  the  200-mb  level, 
and  it  is  for  this  reason  that  the  200-mb  level 
is  one  of  the  primary  analysis  tools  in  the  Tropics. 
The  outflow  at  the  200-mb  level  is  manifested 
by  an  anticyclonic  flow,  unless  the  storm  is 
unusually  severe  and  penetrates  even  that  level, 
in  which  case  the  flow  is  cyclonic. 

Seasons  and  Regions  of  Occurrence 

Tropical  cyclones  may  occur  during  any 
month  of  the  yeai  with  a  ma.ximum  occurrence 
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from  May  to  November.  In  general,  the  Mininiei 
hemisphere  is  the  region  of  maximum  occui- 
rence  tor  that  partieular  area.  Frequency,  how- 
ever,  varies  tVom  ocean  to  oeean. 

There  are  eight  prineipal  region.s  of  tropical 
cyclone  formation.  Five  regions  are  in  the 
Northern  HeniLsphere;  tliiee.  in  the  Southern 
Hemisphere.  The  South  Atlantic  and  the  eastern 
South  Pacific  Oceans  are  entirely  tree  from 
tropical  cyclones,  "fhe  southwestern  North 
Pacific  on  the  other  hand  has  by  tai  the  great  st 
number  of  tropical  cyclones  developing  in  it.  A 
detailed  breakdown  of  formation  areas,  with 
main  tracks  and  months  of  most  frec|ueiit 
occurrence,  is  found  m  table  12-1. 

Not  all  tropical  cyclones  reach  hurricane 
intensity.  Tropical  cyclones  that  reach  hurricane 
intensity  are  more  prevalent  in  the  respe».tivc 
late  summer  and  early  fall  in  both  the  Northern 
and  Southern  Hemispheres.  This  docs  not  pre- 
clude the  formation  or  the  intensification  of 
tropical  cyclones  of  any  intensity  during  the 
other  seasons.  Tropical  cyclones  are  also  much 
less  frequent  than  the  extralropical  ones. 

SYNOPTIC  FLOW  PATTERN 
FAVORABLE  FOR  DEVELOPMENT 

The  necessary  requirements  for  tropical  storm 
formation  have  been  researched  and  <.liscussed  to 
great  lengths.  It  is  generally  agreed  however,  that 
there  are  at  least  3  basic  conditions  necessary,  as 
follows: 

1.  Sufficiently  large  ocean  areas  with  temper- 
atures so  high  that  air  lifted  from  the  lowest 
atmo.spheric  layers  and  expanded  moist  adiabati- 
cally  remains  considerably  warmer  than  the 
surrounding  undisturbed  atmosphere.  »ii  least  up 
to  a  level  of  about  40.000  feet, 

2.  The  value  ot  coriolis  paramenter  larger 
than  a  certain  minimum  value,  thus  excluding  a 
belt  of  about  5  to  S  degrees  latitude  width  on 
both  sides  of  the  equator 

3.  Weak  vertical  wind  shear  in  the  basic 
current. 

The  first  requirement  limits  storm  torination 
to  sea  or  oceanic  areas  with  a  surface  tempera- 
ture of  approximately  <SO'^F.  Statistics  verify  the 
second  condition  in  that  they  show  that  initial 


distiiibanv*.s  liuai  ^l,^lni^  latci  dc\clop 

may  be  detected  \Mtlnn  5  deL'f*.v  ^  of  latitude  of 
the  equatoi  but  liicw  disturbans,es  dv)  not 
intensity  into  i>  pliouns.  hurnwancs  until  llie\  are 
more  than  5  deuiees  ul  latitude  iVun)  the 
equator. 

AdditloiKil  lequiicmeiits  h»i\e  been  ^t^cs^ed 
by    othei    K>eaKhcix    Among  these  are  the 
prcsciice  ol  a  |MceXl^l'^ig  low  le\el  distuibance 
and    a   region   ul    uppei   le\el  divergeiKe  oi 
ouiflow  abu\c  tlie  sulfate  divtuihaiicc  .Sateilito 
photogiapl'o  lis»^e  verified  ih^  preexi-tuiu  dis 
tuibance  foi  niaiiv  da\^  piii)i  to  the  de\eU)p 
nieiit  ol  tli^  t»wpical  ^lo^l^  Hundreds  of  tropical 
disturi\UKcN  (aieas  ol  organized  con\ccli\c  .t^- 
tivily)  oci.ui  o\ei  tiK  waim  tropical  o^c^wIn  ^.iv !» 
veal,  yet  onl\   a  ula(l\*.l\   IcW  dc\e!i>p  into 
cvclones  ol  tii)pKal  ^to^m  ui  gic\.{ei  iiUciisiu 
Lack  of  ^uMicivnt  upoci  an  data  h.i-  hniited 
study  in  llievaluiilv  o!  iUk  re<,iurenieiii  of  uppei 
level  ilivergence. 

Some  >iipp  >rt  tv)  llu  piopuscd  ".orKLlional 
instabilitv  ol  iL^  ^e^.uuvl  k.ikf*  ((  ISk?  i>  tl^c 
best  pii\%Kal  exi^lanation  loi  %li»im  de\J<'pmont 
exists.  Ihis  tlicorv  stresses  the  mteiaction 
between  cuniuius  ^.onvection  and  kiige  s^ale 
nK)tion  A  legioii  ol  cumulonimbus  ^.elh  in  a 
tropical  distuibance  warms  the  atmoNphere 
slightiv  tluough  the  r».!ea>e  latent  lie.a.  This 
iieatmg  lo\^eI^  the  iMr^a^.e  pressuie  .li^lil!>  .  thus 
incieasuig  the  low  level  utadation  whi.h  ii*  turn 
increaNCs  the  lo^v  kvel  convergence  hcsause  of 
friciional  turning  in  the  boundary  layer.  This 
conveigenec  pioduees  more  cuniulonimbus. 
causing  ihoie  lal^nt  healing  .\hk\\  luwerN  the 
surface  presMire  even  more,  and  so  on.  In  order 
foi  tills  prtK-sN  to  be  ffe v.tive.  it  musi  occur  in 
a  legion  wheie  llie  vertical  wind  she.*:  thri)Ugh 
the  Uopo'^pheie  veiy  ^inall  lo  allo^v  the 
released  latent  heat  lo  be  concentrated  in  a 
faiilv  >,niall  aica  Tlli^  theoiv  then  stress.^ ,  small 
vertical  wind  sheai  a>  a  priniarv  fatlur  'n  the 
developmenl  process 

Figure  12  H  shows  the  average  zonal  vertical 
wind  sheai  between  H.SO  mb  and  2W  mb  ovei 
the  tropics  ior  .lanuary.  April.  August,  and 
October.  Due  to  the  predominately  zonal 
easterly  or  \.veNteil>  mean  flow  in  *he  tropicN, 
the  mean  zonal  wind  shear,  determined  by 
.sublractmg  :Lc  mean  ea.l  vve^t  c(imponen(  at 
850  inb  frt)m  that  at  200  mb  is  similar  to  the 
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Table  12-1.— Tropical  cyclone  data. 


Atlantic  Ocean 

Pacific  Ocean 

Indian  Ocean 

N  H 
0  E 
R  M 
T  I 
H  S 
E  P 
R  H 
N  E 
R 
E 

Areas  of 
formation. 

1.  Cape  Verde  Islands 

and  westward. 
Western  Carib- 
bean. 

2.  GuU  of  Mexico. 

1.  Marshall  Islands, 

Caroline  Islands, 
Philippines,  and 
South  China  Sea. 

2.  GuU  of 

Tehuantepec  to 

Revillagigedo 

Island. 

1.  Bay  of 

Bengal. 

2.  Laccadive 

Islands  to 

Maldive 

Islands. 

Main 

1,1  tlv^rwo  » 

1.  Through  West  Indies 

and  northward  to 
U.  S.  or  ocean  area 
OR  into  Central 
America. 

2.  West  or  north. 

1.  Through  or  near 

Philippines  and 
northward  to- 
ward China, 
Japan,  etc. 

2.  Northwestward 

to  Low^er  Cali- 
fornia or  half- 
way to  Hawai- 
ian Islands. 

1.  Clockwise 

path  into 
India  or 
Burma. 

2.  Clockwise 

path  into 
India  or 
Gulf  of 
Oman. 

S  H 
0  E 
U  M 
T  I 
H  S 
E  P 
R  H 
N  E 
R 
E 

frequency 
months. 

AufT       Spnf  Cirf 

1.  Juiy,  Aug. , 

Sept.,  Oct. 

2.  Sept.,  Oct. 

1.  June  to  Nov. , 

inclusive 

2.  June,  Oct. , 

Nov. 

Areas  of 
formation. 

None 

Coral  Sea  and  west 
of  Tuamotu  Is- 
lands. 

1.  Cocos  Is- 

lands and 
westward. 

2.  Timor  Sea. 

Main 
tracks. 

None 

Counterclockwise 
along  northeast 
Australian  coast 
or  toward  New 
Zealand.  West- 
ward to  Coral 
Sea. 

1.  Westward, 

then  coun- 
terclock- 
wise south- 
ward near 
Madagas- 
car. 

2.  Counter- 

clockwise 

along 

northwest 

Australian 

coast. 

Flighost 
frequency 
months. 

None 

Jan. ,  Feb. ,  ?.lar. 

1.  July,  Aug., 

Sept. 

2.  July,  Aug. , 

Sept. 

ERIC 
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Figure  12-8.— Average  zonal  vertical  wind  shear  between  850  mb  and  200  mb  over  the  tropics. 
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mean  total  wind  shear  obtained  from  con- 
sidering both  wind  components  at  these  levels. 
The  positive  values  in  figure  12-8  indicate  that 
the  xonal  wind  at  200  mb  is  stronger  from  the 
west  or  weaker  from  the  cast. 

In  general,  areas  of  active  storm  formation 
such  as  the  western  North  Pacific,  eastern  North 
Pacific,  and  North  Atlantic  (August  map)  and 
the  South  Indian  and  South  Pacific  (January 
map)  are  regions  of  small  mean  /.onal  wind 
shear  The  data  on  the  chart  correlates  with  the 
statistical  data  relating  to  frequency  and  time  of 
formation  of  tropical  storms. 

In  summation  there  is  general  agreement  on  at 
least  4  of  the  5  requirements  we  have  discussed 
within  this  section.  These  are  the  need  for  a 
preexisting  disturbance,  over  a  warm  (greater 
than  80^F)  ocean  area,  located  more  than  5 
degrees  of  latitude  from  the  equator,  in  a  region 
of  small  vertical  wind  shear  through  the  atmo- 
sphere. 

In  spite  of  this  general  agreement  concerning 
these  requirements  for  formation,  there  is  still 
considerable    disagreement    concerning  the 
-•ynoptic  situation   in   which  tropical  storms 
actually  form.  A  number  of  theories  view  the 
development  process  as  progres.sive  intensifica- 
tion of  a  tropical  wave.  With  the  increased 
observing   capabilities    provided    by  satellite 
pictures  during  the  late  60's  none  of  the  storm? 
that  developed  in  the  Atlantic  were  originally 
associated  with  a  tropical  wave.  This  reduced 
emphasis  on   tropical  storm   formation  from 
tropical  waves  does  not  mean  that  the  circula- 
tion pattern*:  associated  with  disturbances  which 
intensify  into  tropical  storms  are  now  com- 
pletely understood    Recent  annual  summaries 
indicate  that  circulation  features  in  the  middle 
and  upper  troposphere  and  their  interaction 
with  the  lower  levels  may  be  more  important  in 
this  area  than  in  the  other  storm  development 
regions.  It  has  been  discovered  that  during  the 
heart  of  the  storm  .season  (mid-July  to  mid- 
September)  most  Atlantic  tropical  storms  result 
from    intensification    of    low-level  cyclonic 
vortices   which  originate  over  Africa.  The.se 
vortices  form  in  the  inon.soon  trough  over  Africa 
near  the  10.000  foot  level  and  track  westward 
over  the  Atlantic.  In  their  earlier  stages  they 
may  or  may  not  show  a  closed  cyclonic  circu- 
lation at  the  surface,  depending  on  their  in- 
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tensity.  Hie  favored  area  for  intensification  of 
the.se  disturbances  is  the  western  North  Atlantic 
as  the  disturbances  move  into  an  area  of  warmer 
sea-surface  temperatures.  Early  and  late  ui  the 
Atlantic  hurricane  season,  storms  tend  to  form 
in  the  southwestern  Caribbean  as  a  result  of  the 
eastward  extension  of  the  mon.soon  troagli  from 
the  Northeast  Pacific.  In  addition  to  the  syn- 
optic mechanisms  previously  mentioned,  storms 
can  be  initiated  by  downward  penetration  of 
cold  upper  lows  over  subtropical  latitudes  of  tliC 
central  and  western  Pacific. 

It  is  evident  that  a  variety  of  synoptic  features 
are  a.ssociated  with  storm  formation  in  the 
North  Atlantic  area.  In  the  western  North 
Pacific  the  low  level  monsoon  trough  is  the 
primary  synoptic  feature  as.sociated  with  trop- 
ical storm  formation,  85  percent  to  90  percent 
of  the  storms  form  in  that  trough,  the  upper 
troposplieric  trough  being  of  secondary  im- 
portance (10  percent  to  15  percent  of  the 
storms).  In  all  of  the  other  development  areas, 
most  of  the  storms  result  from  the  intensifica- 
tion of  vortices  which  form  in  the  low-level 
monsoon  trough. 

Estimating  the  Position 
of  the  Storm  Center 

One  of  the  simplest  means  of  locating  the 
storm  center  from  surface  ship  synoptic  reports 
is  to  apply  the  law  of  Buys  Ballot;  that  is.  when 
you  turn  your  back  to  the  wind  in  the  Northern 
Hemisphere,  iow  pressure  will  lie  to  your  left 
and  slightly  to  the  front.  To  apply  this  law  you 
need  at  least  two  ship  reports  from  different 
ships  or  two  reports  at  different  time  intervals 
from  one  ship.  However,  from  the  observations 
of  only  one  .ship,  it  is  not  possible  to  calculate 
the  exact  distance  of  the  cyclone  center. 

An  example  of  locating  the  tropical  storm 
center  from  two  ship  reports  is  given.  (See  fig. 
12-9.) 

From  the  law  of  Buys  Ballot,  with  your  back 
to  the  wind  you  would  expect  to  find  the  center 
of  low  pressure  to  the  left  and  slightly  to  the 
front  (to  the  west  or  wc.^t-.soutluvest  of  your 
position).  Swells  in  the  Caribbean  Sea  do  not 
commonly  come  from  the  southwest.  The  nor- 
mal condition  in  that  region  is  an  easterly  or 
northeasterly  .swell,  set  up  by  the  trades,  hence  a 
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Figure  12-9,— Center  of  tropical  storm  located  by  observations  of  two  ships. 
Short  dashed  arrows  show  direction  of  waves. 


Noutluvcstcrlv  swell  is  slroiiglv  indictilive  ul  a 
tropica!  wVvlone.  SiiKc  we  ^.annot  accurately 
Jelerniine  tlie  lovatiuii  of  the  .storm  center  fruni 
a  single  ship  report  alone,  we  look  for  another 
ship  report  in  llie  area  to  u^e  for  interpolation  of 
a  fix  on  the  storm  eenter. 

Obviously  ship  B  i.s  closer  to  the  storm  center 
than  ship  A.  AppKing  Bu>s  Ballot's  law.  with 
vour  back  to  the  wind  on  ship  B  >ou  would 
expect  to  tnid  the  storm  center  north  or 
possiblv  norihca.st.  from  these  two  observations 
it  appears  that  the  storm  center  was  located  at 
approximately  I6^N  and  SO^W.  The  next  step 
is  to  lentativelv  sketch  in  the  isohars  as  shown  in 
figure  I  2'^). 

The  general  rule  Tor  locating  the  direction  of 
the  center  of  a  tropical  storm  btised  on  observa- 


tions  ofwiiKi  direction  is  subject  to  certain  error 
when  the  circulation  around  the  storm  is  not 
circukir  Often,  the  wind  field  around  a  tropical 
storm  is  elliptical  as  shown  in  figure  12-10  (A). 
From  a  study  of  the  diagram,  it  is  apparent  that 
application  of  the  wind  rule  may  result  in  large 
error.  Occasionally  very  elongated  wind  fields 
may  contain  two  storm  centers.  During  periods 
when  tropical  storm  warnings  are  i.ssued.  it  is  a 
good  idea  to  copy  the  fleet  facsimile  broadcast, 
the  canned  map  analysis  or  actual  .synoptic 
reports  in  order  to  determine  the  approximate 
wind  field  around  the  storm. 

There  is  an  indraft  of  wind  in  all  tropical 
storms.  The  angle  of  indraft  varies  with  the 
distance  from  the  storm  center,  in  the  outer 
limits  of  the  wind  field  it  is  about  45^,  near  the 
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Figure  12-10,— Example  of  errors  in  locating  direction  of 
storm  center.  (A)  When  the  wind  field  is  elliptical  and 
the  wind  rule  is  used;  (B)  when  the  wind  rule  is 
applied  to  fast  moving  storms, 

center  the  direction  of  wind  movement  is  more 
nearly  tangent  to  the  isobars. 

The  angle  which  the  winds  blow  across  the 
isobars  towards  the  center  of  a  mature  tropical 
storm  varies  widely  in  FAST  MOVING  storms. 
Directly  ahead  of  the  storm,  the  angle  is  the 
least.  To  the  rear  of  the  storm,  the  angle  is 
greatest.  Figure  12-10  (B)  shows  that  the  apph- 
cation  of  the  wind  rule  in  the  case  of  fast 
moving  tropical  storms  will  not  be  as  accurate  as 
it  is  for  stationary  or  slow  moving  storms. 

Satellite  Appearance 

The  cloud  systems  produced  by  tropical 
storms  in  their  early  stages  of  development  take 


on  a  variety  of  forms.  The  shape  and  appearance 
of  these  cloud  systems  depends  on  both  the  type 
of  atmospheric  perturbation  initiating  their  con- 
vection and  the  vertical  wind  shear  of  the 
storm's  environment.  Since  the  latter  is  closely 
related  to  aspects  of  the  quasi-stationary  plane- 
tary circulation,  such  as  the  subtropical  high 
pressure  ridge  or  the  high-level  mid-oceanic 
troughs,  storms  that  develop  in  different  regions 
of  the  world  appear  somewhat  different  as  they 
evolve.  As  a  tropical  storm  matures,  it  modifies 
its  innnediate  environment  to  the  extent  that 
storms  in  the  later  stages  of  their  development 
look  much  the  same  world-wide. 

On  any  one  day,  numerous  synoptic-scale 
cloud  systems  appear  in  the  Tropics  and  sub- 
tropics.  Only  a  limited  number  of  these  tropical 
disturbances  develop  into  mature  tropical 
cyclones.  A  classification  system  has  been  de- 
veloped for  these  tropical  cloud  formations.  It 
first  seeks  to  identify  those  areas  of  convection 
which,  based  on  their  appearance,  seem  most 
likely  to  develop  and,  secondly,  attempts  to 
classify  storms  as  to  their  intensity. 

Figures  12-11  through  12-19  are  satellite 
pictures  of  tropical  cyclones  in  various  stages  of 
development.  The  classification  ascribed  to  each 
is  from  an  earlier  method  of  forecasting  tropical 
cyclone  intensity  from  satellite  pictures.  The 
National  Environmental  Satellite  Service  (NESS) 
employs  a  different  system  now,  but  this  older 
system  may  be  used  locally  as  a  guide.  Reference 
to  this  system  is  contained  in  AWS  TR  240, 
chapter  8. 

TROPICAL  ANALYSIS 

Tropical  analysis  consists  of  complete  and 
detailed  analysis  of  the  broad-scale  synoptic 
features  as  presented  on  the  surface  and  upper 
air  charts  and,  furthermore,  of  more  localized 
and  specialized  featues  as  they  appear  on  time 
sections,  space  cross  sections,  low-level  and 
high-level  streamline  charts,  and  weather  dis- 
tribution charts.  These  charts  and  analyses  are 
the  bases  for  the  end-product  of  the  analysis: 
the  forecast, 

ANALYSIS  OF  TIME  SECTIONS 

Time  sections  should  be  kept  regularly  for  all 
key  stations.  Their  number  depends  on  the  size 
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Figure  12-12.-Stage  B  tropical  disturbance, 
Mid-Pacific. 

of  the  area  to  be  analyzed  and  the  number  of 
stations  available.  Up  to  20  stations  can  be 
profitably  plotted  and  studied  on  a  routine 
basis.  During  special  situations,  additional  time 
sections  can  he  added  for  periods  of  a  few  days. 
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Figure  12-14.-Stage  C  minus  tropical  disturbance. 
Western  Pacific. 

The  format  is  important  for  convenient  and 
rapid  handling.  Figure  12-20  shows  a  form  for 
time  section  analysis. 
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Figure  12-15.-Stage  C-plus  tropical  disturbance. 
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Figure  12-16.-Stage  X,  Category  1,  Western  Pacific. 

The  vertical  coordinate  of  a  time  section  may 
be  pressure,  pressure  jItituJe,  oi  height.  It  is  of 
advantage  to  have  bolh  a  pressure  and  a  height 
scale,  since  upper  winds  are  reported  at  fixed 
heights,  while  the  signiliLanI  points  on  raobs  are 
given  in  milhbars  only  t  une  may  be  plotted 
Irom  left  to  right  or  vice  versa. 

Plotting 

Ml  upper  wiiuls  should  be  plotted  on  the  time 
sclIi  .11%  SuKeit  isdiHicult  to  draw  vvnul  airows 
tfuilt  ».oirc^tl>  and  sukc  ui  low  latitudes  small 
wind  >b\i{\  often  arc  impcM'tanl.  the  (Observer 
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Figure  12-17.-Stage  X,  Category  2,  South  Pacific. 
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Figure  12-18.-Stage  X,  Category  3,  Atlantic. 

should  write  down  the  coded  direction  in 
addition  to  drawing  the  vectors  as  shown  in 
figure  12-21. 
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Figure  12-19.-Stage  X,  Category  4,  Atlantic. 

For  most  purposes,  it  will  suffice  to  plot 
wiiuls  at  2.000-ft  (610  meters)  intervals  below 
20.000  ft  (6,096  meters).  Higher  up,  the  stand- 
ard 5.000-ft  (1524  meters)  interval  will  suffice. 

Analysis 

The  first  object  of  time  section  analysis  Js  to 
detect  '  arious  errors  and  unrepresentative  values 
of  the  reports  and  make  the  variations  of  wind, 
pressure  change,  and  the  like  as  consistent  as 
possible  along  the  vertical  and  in  time.  The 
second  object  is  to  consider  surface,  upper  wind, 
and  raob  data  together  and  deduce  from  them  as 
much  as  possible  about  the  s>noptic  situation. 
Of  these  the  first  is  by  far  the  easier.  Not  only 
will  errors  usually  stand  out  in  an  obvious  way, 
but  the  Aerographer's  Mate  can  also  deduce 
from  the  time  sequence  such  things  as  to 
whether  a  wind  shift  in  a  certain  layer  is 
transitory,  lasting  for  only  6  hours,  or  whether  it 
denotes  a  longer  period  change.  The  sequence  of 
24-hour  height  changes  of  upper  pressure  sur- 
faces is  particularly  suited  for  time  section 
analysis  when  overlapping  24-liour  changes  are 
computed  every  12  hours.  Considering  the 
normal  extent  and  rate  of  motion  of  disturb- 
ances in  low  latitudes,  marked  upper  height  falls 


of  100  feet  per  24  hours  or  more  should  not  be 
preceded  or  followed  by  rises  of  the  same 
magnitude  in  the  24-liour  interval  centered  12 
hours  before  or  after,  except  when  accompanied 
by  strong  winds  and  large  wind  shifts.  Otherwise 
one  or  more  soundings  must  be  suspect.  It  has 
already  been  stated  that  in  such  cases  the 
emphasis  should  be  placed  on  the  nighttime 
data.  At  reliable  stations  these  changes  should  be 
accepted  as  correct,  except  (1)  when  the  raob  is 
taken  in  heavy  rain,  (2)  if  a  large  change  is 
observed,  yet  there  is  no  previous  indication  that 
a  large  height  rise  or  fall  center  should  arrive,  oi 
(3)  if  the  heights  rise  as  much  in  n  second 
24-hour  intei^^al  as  they  fell  in  a  first  without 
appropriate  wind  and  weather  changes. 

The  first  part  of  the  evaluation  of  time 
sections,  as  shown  in  figure  12-22,  is  largely 
qualitative  and  dependent  on  an  analyst's  skill 
and  experience.  This  is  true  in  even  larger 
measure  for  the  second  step,  since  formal 
procedures  for  the  integration  of  time  section 
weather  data  do  not  exist. 

The  following  seven  semiquantitative  steps, 
however,  can  be  carried  out: 

1.  The  principal  trough  lines  and  shear  lines 
in  the  wind  field  are  marked  by  heavy  orange 
lines  and  their  direction  of  displacement  (especi- 
ally eastward  or  westward)  is  noted  with  an 
arrow.  These  lines  give  the  slope  of  the  disturb- 
ances, they  will  also  show  the  bottom  or  tup  of 
a  disturbance,  whereas  quite  frequently  a  vvmd 
shift  is  mainly  confined  to  either  upper  oi  lowei 
troposphere  and  extends  only  weakly  into  the 
other  half. 

The  distribution  of  weather  as  given  by  the 
surface  reports  relative  to  the  time  of  wind  shift 
shows  whether  bad  weather  is  concentrated 
mainly  on  the  forward  or  rearward  side,  and 
how  much  weather  there  is.  Comparison  with 
time  sections  where  the  disturbance  had  passed 
previously  will  (1)  furnish  the  rate  of  motion, 
(2)  show  changes  of  intensity  of  winds  and  wind 
shifts,  (3)  reveal  changes  of  weather  distribution 
and  intensity  with  respect  to  the  system.  To  a 
lesser  degree  changes  of  intensity  can  also  be 
deduced  by  variations  of  the  amount  of  24-liour 
surface  pressure  changes. 

2.  Isolines  are  drawn  for  the  24-hour  height 
changes.  The  interval  chosen  should  be  at  least 


ERIC 


441 

447 


AEROGRAPHER'S  MATE  1  &  C 


TtMf  tPl>>S  ' 


it*' 


t  •  t 


♦  I  - 


MM? 


i 


i!  i 


i  i  i  r  I 


iTTi 


in:;: 


.  { i . .  , . 


1 1 


>  t  i  . 


! ! : 

if' 


m 


Figure  12-20.— Form  for  time  section  analysis. 
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100  feet  (30  meters),  and  50  feet  (15  meters) 
below  400  millibars,  since  in  general  changes  in 
the  lower  ainiosphere  are  smaller  than  higher  up. 
These  changes  are  examined  closely  for  their 
relation  to  the  wind  shift  lines.  Trough  lines,  in 
particular,  must  coincide  by  definition  with  the 
instantaneous  ^e.o  height  changes.  Normally  i)  ' 
24-hour  /.ero  change  line  should  parallel  the 
slope  of  the  wind  shift  lines  and  be  locateu  not 
far  tYom  them. 

The  vertical  gradient  of  24-hour  height  change 
is  normally  correlated  with  the  vertical  variation 
of  intensity  of  moving  disturbance.  The  layer  of 
strongest  24-huur  height  changes  should  be  the 
layer  of  greatest  intensity,  and  during  trough  or 
ridge  passages  the  strongest  wind  shifts  should 
be  found  there.  This  statement  apphes  to  tlie 
vectorial  wind  shift,  not  merely  the  directional 
change,  since  the  latter  can  be  very  large  yet 


insignificant  at  low  speeds.  Figure  12-23  shows 
the  computation  of  the  wind  shift,  its  intensity 
IS  given  by  the  amount  of  tht  vector  difference, 
irrespective  of  direction. 

U  is  emphasized  that  the  foregoing,  while 
essentially  correct  in  practice,  is  not  always 
observed  and  has  no  necessary  foundation  in 
theory.  Sometimes  there  are  persistent  height 
falls  with  little  change  of  wind.  This  is  one 
indication  of  deepening  of  a  stationary  disturb- 
ance, and  the  situation  should  be  carefully 
checked  for  this  possibility. 

3.  The  vertical  gradient  of  24-hour  height 
changes  also  indicates  the  areas  of  cooling  and 
warming,  since  it  indicates  whether  the  isobaric 
surfaces  have  moved  closer  together  or  farther 
apart  along  the  vertical.  Height  changes  usually 
are  largest  in  the  high  troposphere  both  the 
falls  ahead  of  a  trough  and  the  rises  to  its  rear. 


ERLC 


442 

448 


Chapter  12-TROPlCAL  ANALYSIS  AND  FORECASTING 


100— 

-5 

'  T- 

-H- 
 H 

-i- 

-< 

 \- 

j 

_  T  i 

r 

ISO- 

"T 

r 

rr 

or 

'o 

13; 

— 

H- 

^  j 

r 

-1 

■f< 

y  5 

rr 

 L 

- 

ZOO — 

-F 

^* 

4!i  j 

OH 

r 

— 1— 

I 

I 

f 

i3 

-  h 

250— 

300  — 

r 

r{" 

052 

350— 

— 1- 

1 

— 4— 

•\ 

^\ 

^  ■  I-- 

62 

ic 

r 

400— 

"\ 

450  — 
900  — 

H — 1 

Z 

10 

1 

Ic 

i 

/ 

 w 

2'  ! 

;ri 

^ — f— ~ 

650-^ 

eoo-E 

0! 

•  1 

'  '  *■ 

650  — 

A 

5tt— H 

/ 

_ 

'S.  1 

4 

700-E 

Pi 

r 

/ 

1 

750  _ 
800-= 

f 

j 

650 -E 
900-= 

5 

7 

950-= 
1000— 

ft 

fl^ 

.  1 

KX225 

"17 

I    pV*i     ./  I    I     }-  1    i    .    !    >     f  J 

00  06  12 


AG.655 

Figure  12-21. -Time  section  of  upper  winds. 

This  indicates  that  most  trouglis  have  a  cold  core 
structure  and  ridges  have  a  warm  core  structure. 
Their  intensity  increases  upward  in  the  tropo- 


sphere to  200  to  150  niilHbars;  higher  up  the 
temperature  field  reverses  and  they  die  out 
toward  the  tropopause.  This  is  the  main  reason 
why  the  200-nib  surface  is  the  best  choice  for 
high  troposphere  analysis  in  the  Tropics, 

A  great  deal  about  the  structure  of  disturb- 
ances can  be  deduced  from  time  section  data  if 
the  observations  are  processed  carefully.  How- 
ever, the  possibilities  of  analyzing  the  relations 
between  temperature,  pressure,  and  wind  field  as 
given  by  the  time  section  have  not  been  ex- 
hausted. Although  the  validity  of  the  geo- 
strophic  wind  relation  in  the  Tropics  is  question- 
able, the  vertical  wind  shear  appears  to  give  a 
fair  idea  as  to  the  distribution  of  cold  and  warm 
air  to  latitudes  lO""  and  even  to  S"".  Easterlies 
decreasing  with  height  denote  colder  air  pole- 
ward and  warmer  air  equatorward  from  the 
station.  Easterlies  increasing  with  height  denote 
the  reverse.  Northerly  winds  increasing  upward 
ahead  of  a  trough  in  the  Northern  Hemisphere 
indicate  colder  air  in  the  trough  as  do  southerly 
winds  increasing  upward  to  the  rear  of  a  trough. 
Winds  usually  turn  counterclockwise  with  hei'ght 
ahead  of  such  troughs  and  clockwise  to  their 
rear.  Thus,  the  pattern,  though  generally  not  the 
amount  of  geostrophic  thermal  advection,  agrees 
with  the  movement  of  cold  and  warm  areas. 
However,  actual  temperature  changes  aloft 
usually  are  much  smaller  than  tho.se  computed 
from  the  vertical  shear  vectors,  indicating  subsi- 
dence in  areas  of  high-level  cold  advection  and 
ascent  in  many  areas  of  warm  advection.  The 
situation  is  further  complicated  by  the  release  of 
latent  heat  of  condensation  in  ascent  areas.  This 
subject  is  covered  more  thoroughly  in  the  upper 
air  analysis  section  of  this  chapter. 

4.  The  vertical  gradient  of  height  changes  can 
also  be  related  to  some  extent  to  the  weather. 
Heaviest  activity  is  likely  to  occur  where  lower 
rises  go  over  into  upper  falls  or  where  lower  falls 
go  over  into  upper  rises.  The  first  of  these 
patterns  is  found  usually  with  cold  core  disturb- 
ances; it  is  prominent  to  the  rear  of  wave 
troughs  in  the  easterlies.  Although  the  weather 
may  be  very  intense,  the  situation  usually  does 
not  indicate  tropical  cyclone  development,  !n 
contrast,  lower  falls  changing  to  upper  rises  are 
the  most  dangerous  of  all  patterns,  since  the  rain 
area  may  develop  into  a  tropical  storm.  The 
Aerographefs  Mate  should  at  all  times  be  on 
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Figure  12-22.-Composite  time  section  (analyzed). 
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watch  for  this  pattern  and  albO  check  the  passage 
of  a  cold  core  disturbance  at  successive  stations 
to  deterinnie  whether  the  disturbance  is  losing 
or  gaining  cold  core  characteristics. 

5.  The  depth  of  the  moist  layer  is  indicated 
as  given  by  the  height  of  the  5  g/kg  (grams  per 
kilogram)  moisture  surface  in  the  rainy  season 
and  by  the  3  g/kg  surface  in  the  dry  season. 
Variations  in  the  depth  of  the  moist  layer  should 
be  in  accord  with  the  observed  weather  and  the 
deductions  made  from  the  preceding  steps.  Due 
to  the  unsatisfactory  status  of  the  moisture 
element  on  the  radiosonde  instruments,  this 
correlation  will  often  fail  when  the  moist  layer 
extends  above  the  freezing  level.  Rather  dry  air 
may  be  indicated  even  though  the  balloon  is 
known  to  pass  through  thick  clouds. 

().  A  better  indication  of  vertical  stability  and 
moisture  is  bottom,  top,  and  intensity  of  stable 
layers,  especially  the  trade  inversion.  The  poten- 
tial temperature  difference  between  top  and 


bottom,  and  the  inversion  thickness  in  millibars, 
are  the  best  measures  of  the  inversion  strength. 
The  lid  again.U  penetration  and  destruction  of 
the  inversion  will  be  the  larger,  the  greater  the 
increase  of  potential  temperature  through  the 
inversion  and  the  thicker  the  inversion  layer. 
The  inversion  analysis  establishes  the  current 
average  cloud  top  height  and  gives  an  indication 
to  what  extent  an  approaching  liigli-level  dis- 
turbance may  be  able  to  raise  and  weaken  the 
inversion  and  raise  the  cloud  tops. 

7.  Base  and  top  of  equatorial  anj  polar 
westerlies  may  be  marked  as  a  final  step,  mainly 
to  indicate  clearly  the  depth  of  any  layers  with 
westerly  winds  nnd  the  time  changes.  This  is 
useful  in  determining  and  predicting  the  direc- 
tion of  motion  of  disturbance.  These  move 
eastward  when  a  deep  layer  of  westerlies  is 
present,  westward  in  deep  easterlies.  A  change  in 
the  thickness  of  a  layer  of  easterlies  or  westerlies 
may  indicate  a  reversal  of  the  direction  of 
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(a)  LARGE  DIRECTIONAL  CHANGE  WITH  LOW  SPEEDS. 

(b)  SMALLER  DIRECTIONAL  CHANGE  WITH  HIGHER  SPEEDS 
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Figure  12'23,-lllustration  of  a  wind  change. 

niotioiK  if  the  cliaiige  is  representative  for  a  large 
area.  The  temporary  appearance  of  deep  wester- 
lies at  one  station  during  passage  of  a  cold  core 
low  to  the  north  cannot  be  interpreted  in  this 
way. 

This  completes  the  lime  section  analysis 
routine  as  lar  as  it  can  be  described.  If  the 
Aerogiapher^s  Male  operates  in  an  area  with  a 
reasonable  station  network,  he  wilL  after  going 
through  his  tune  sections,  have  acquired  a  fairly 
defimie  knowledge  of  how  the  charts  should  be 
drawn  and  where  ihe  most  dangerous  areas  are 
located. 

LOW-LEVEL  STREAMLINES 

The  level  {o  be  chosi-n  for  the  low-level 
streamline  analysis  may  vary  from  2.000  to 
5.000  feet,  depending  on  several  factors.  In 
generaK  the  wind  frequency  is  fairly  equal  in  this 
layer,  but  since  ihe  cloud  bases  average  about 
2.000  feet,  balloons  are  lost  above  this  level 
when  low  cloudiness  is  great.  Ships*  surface  wind 
can  be  used  to  supplement  2,000-ft  but  not  the 
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5,000-ft  winds.  In  the  equatorial  trough  zone, 
the  sharp  shear  found  between  opposing  cur- 
rents near  the  ground  often  diminish  ir.arkedly 
with  height  between  2,000  and  5.000  feet.  On 
the  other  hand,  the  lower  level  is  much  more 
subject  to  orographic  inlluences,  and  in  the 
trade  region,  where  disturbances  often  damp  out 
downward  to  the  ground,  the  2,000-ft  wind 
lluctuations  may  be  small  and  noninforniatiye. 
Thus,  the  choice  of  level  must  be  based  on  the 
local  and  synoptic  peculiarities  of  the  area  to  be 
analyzed. 

Plotting 

Plotting  consists  in  entering  wind  arrows  and 
barbs,  and  wind  direction  ar.J  speed  written  in 
code  form,  in  parenthesis,  alongside  the  barb. 
Some  stations  may  vary  the  last  entry.  The  use 
of  a  protractor  to  plot  information  for  key 
stations  is  recommended. 

A  12-hour  continuity  of  ihe  streamline  charts 
will  usually  suffice:  the  data  from  the  off- 
periods  are  used  to  supplement  the  ontinie 
reports  for  continuity  and  when  the  latter  are 
missing.  The  ontinie  periods  should  be  chosen 
nearest  the  raob  observation  times,  but  this 
depends  on  local  scheduling  of  observations  and 
may  not  always  be  feasible. 

Analysis 

The  objective  of  wind  analysis  is  to  construct 
a  continuous  representation  of  the  wind  field 
from  the  ob.servation  of  the  two-dimensional 
hori/.ontal  vectors  on  the  surface  in  question. 
The  complete  analysis  of  the  wind  field  also 
provides  a  means  of  obtaining  other  subsidiary 
fields  such  as  the  divergence,  convergence,  and 
vorticity  of  the  wind. 

There  are  two  basic  methods  of  streamline 
analysis  in  use:  the  discontinuous  or  qualitative 
method  and  the  streamline-isotach  method.  If 
reports  are  sparse  the  discontinuous  or  quali- 
tative method  is  generally  employed.  The  most 
complete  analysis  is  made  with  the  streamline- 
isotach  method  and  Miis  is  the  more  recom- 
mended procedure. 

DISCONTINUOUS  OR  QUALITATIVE 
STREAMLINE  ANALYSIS.-This  method  in- 
volves a  single  set  of  lines  drawn  tangential  to 
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the  wind  direction  mul  spaced  in  proportion  to 
the  wind  speed.  This  means  that  in  areas  of 
speed  convergence  some  lines  must  be  dropped 
from  the  field  and  in  areas  of  speed  divergence 
some  must  be  added  to  this  field:  thus  the 
streamJines  are  discontinuous.  It  is  easily  seen 
that  it  is  impossible  to  represent  completely  the 
true  wind  field  in  this  manner.  Figure  I2-?.4 
illustrates  this  method  of  wind  analysis. 
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Figure  12-24,-Di$continuous  or  qualitative 
streamline  analysis. 

STREAMUNE-ISOTACH  ANALYSIS.  This 
method  consists  of  two  sets  of  lines:  streamlines 
representing  wind  direction  and  isotachs  repre- 
senting the  wind  speed,  labeled  in  knots.  The 
two  sets  of  lines  give  a  continuous  representa- 
tion of  the  wind  field  from  which  the  forecaster 
can  normally  determine  wind  direction  and  wind 
speed  at  any  point  on  the  chart. 

In  the  streamline-isotacli  method  of  analysis 
familiarity  with  circulation  patterns  is  a  neces- 
sity. The  following  are  definitions  of  some  of 
these  circulation  patterns  that  will  be  en- 
countered: 

1.  Asymptotes.  These  are  streamlines  in  the 
wind  field  away  from  which  neighboring  stream- 
lines diverge  (positive  asymptotes)  or  toward 
which  they  converge  (negative  asymptotes). 
Asymptotes  may  or  may  not  represent  lines  of 
true  horizontal  mass  divergence  or  convergence 
depending  upon  the  distribution  of  wind  speed 
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in  the  area.  Therefore  it  is  better  to  use  the 
terms  asymptotes  of  difluence  and  confluence 
rather  than  divergence  or  convergence.  Typical 
examples  of  asymptotes  are  shown  in  figure 
12-25, 
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Figure  12-25.-Strcamline  asymptotes  of  difluence  {di- 
vergence)  left;  of  confluence  (convergence)  right 

2.  Waves.  These  are  perturbations  in  the 
streamlines  analogous  to  the  wavelike  arrange- 
ments of  troughs  and  ridges  in  isobaric  patterns. 
Waves  that  do  not  extend  across  the  entire  width 
of  the  current  in  which  they  are  imbedded  are 
called  damped  waves.  In  this  case  the  streamlines 
on  one  or  both  sides  of  the  current  have  smaller 
amplitude  than  those  in  which  the  wave  is  more 
pronounced.  Figure  12-26  illustrates  a  damped 
wave  in  the  streamlines. 

3.  Singular  Points.  These  are  points  into 
which  more  than  one  streamline  can  be  drawn  or 
about  which  streamlines  form  a  closed  curve. 
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Figure  12-26  -A  damped  wave  in  the  streamlines. 
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The  wind  speed  is  zero  at  .singular  points  and  the 
speed  immediately  adjacent  to  the  point  is 
rehitively  light.  There  are  three  classes  ol*  singu- 
lar points:  cusps,  vortices,  and  neutral  points. 
These  are  described  as  follows: 

a.  Cusps.  An  intermediate  pattern  in  the 
tranivition  between  a  wave  and  a  vortex.  They 
are  relatively  unimportant  in  synoptic  wind- 
analysis  since  they  are  short-lived  and  there  is 
normally  InsutTicient  data  lo  determine  their 
presence.  Figure  12-27  illustrates  two  variations 
of  this  class  of  singular  points. 


ANTICYCLONIC 
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Figure  12-27.-Cusps. 


b  Vortices.  These  are  cyclonic  or  anti- 
cyclonic  circulation  centers  and  anticyclonic 
(cyclonic)  outdrafts  or  anticyclonic  (cyclonic) 
indrafts.  Figure  12-28  illustrates  four  of  the 
commonly  observed  vortices. 

At  'low  levels,  anticyclonic  outdrafts  and 
cyclonic  indrafts  are  frequently  found.  Data  is 
usually  too  sparse  at  upper  levels  to  determine 
the  outdraft  or  indraft  characteristics  of  vor- 
tices. Therefore,  many  upper  vortices  are  drawn 
as  pure  cyclones  or  anticyclones  for  lack  of 
more  detailed  information. 

c.  Neutral  Points.  These  are  points  at 
which  two  asymptotes,  one  of  directional  con- 
fluence (convergence)  and  one  of  directional 
ditluence  (ilivergencc)  come  together.  They  are 
analogous  to  cols  in  that  they  represent  a  saddle 
between  two  areas  of  anticyclonic  tlow  and  two 
areas  of  cyclonic  flow.  Neutral  points  in  the 
streamlines  are  shown  in  figure  12-29. 

PROChDURh.-There  arc  two  basic  methods 
of  performing  streamline  analysis:  the  isogon 
method  and  the  direct  method.  The  isogon 
method  employs  the  use  of  an  intermediate  set 
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Figure  12-28.— Vortices  in  the  streamlines 
(Northern  Hemisphere). 
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Figure  12-29.-IMeutraI  points  In  the  streamlines. 

of  lines  called  isogons.  An  isogon  is  a  line  joining 
points  in  a  plane  which  have  the  same  wind 
direction.  The  isogons  are  drawn  according  to 
the  reported  wind  directions  with  interpolation 
being  carried  out  continuously  as  in  scalar 
analysis.  Then  short  lines  are  ruled  on  each 
isogon  corresponding  to  the  wind  direction  it 
represents.  Streamlines  are  drawn  utilizing  the 
original  wind  direction  and  interpolated  isogons. 
This  method,  although  the  most  accurate,  is  too 
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Figure  12-30.-Streamline-isotJ 

time  consuming  to  be  in  general  use.  However,  it 
is  recommended  that  beginners  use  this  method 
to  achieve  lamiharity  and  experience  with 
stremiiine  analysis. 

In  the  direct  method  ol"  streamline  analysis 
interpolations  among  the  winds  arc  carried  out 
by  eye  and  the  streamlines  are  drawn  directly 
using  a  trial  and  error  approach.  The  accuracy 
achieved  depends  to  a  great  extent  upon  the  skill 
of  the  analyst. 

Isotach  analysis  is  peribrnied  after  the  prelim- 
inary streamline  analysis  is  completed.  Isotach 
patterns  will  resemble  those  found  in  simple 
scalar  analysis,  i.e..  there  are  centers  of  maxi- 
mum and  minimum  values  and  saddles  or  cols  in 
the  wind  field. 

rigure  1200  shows  a  completed  streamline* 
isotach  analy.sis. 

There  are  a  number  of  guidelines  as  well  as 
basic  rules  concerning  streamline  analysis  that 
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analysis  over  a  large  ocean  area. 


the  analyst  should  follow  to  achieve  the  most 
complete  and  accurate  product.  A  comprehen- 
sive listing  of  these  as  well  as  detailed  informa- 
tion concerning  streamline  analysis  is  contained 
in  AWS  Technical  ReporJ  240,  Forecaster's 
Guide  to  Tropical  Meteorology. 

SURFACE  CHART 

The  low-level  streamlines,  especially  when  at 
2,000  feet,  determine  the  character  of  the 
.surface  isobars  to  within  about  5*^  of  the 
liquator,  in  the  center  of  the  equatorial  zone  the 
analyst  must  rely  on  the  pressure  reports  alone. 
In  fixing  the  course  of  the  isobars,  the  low-level 
streamlines  are  thus  an  invaluable  aid  in  sorting 
out  good  and  bad  pressures,  especially  in  the 
trades.  Nevertheless,  since  they  arc  concerned 
exclusively  with  the  wind  field,  they  do  not 
convey  information  about  the  field  of  mass  and 
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its  lime  changes,  winch  is  ossenlial  tor  many 
prodiclion  problems. 

Pressure  change  charts  are  consiclered  the 
most  important  aspect  of  mc  pressure  analysis. 
However,  in  order  to  draw  isallobars.  it  is 
necessary  to  draw  isobars  first  and  compute 
pressure  changes  in  the  areab  where  stations  are 
widely  spaced.  If  this  is  not  done,  the  isallobaric 
centers  will  mevitably  be  put  near  the  observing 
stations,  and  their  paths  will  follow  any  lines  of 
stations  that  may  exist,  such  as  the  Antilles.  You 
also  need  the  isobars  for  the  differential  analysis 
of  the  upper  isobaric  surfaces.  Although  the 
value  of  the  isobars  to  the  forecaster  has  often 
been  questioned,  they  remain  a  necessary  tool. 
In  the  following  discussion,  consider  these  three 
ste;)s:  Surface  isobanc  analy.sis.  surface  24-liour 
pressure  change  analy.sis.  and  weather  distribu- 
tion analysis  from  surface  reports. 

Surface  Isobaric  Analysis 

When  bca  level  pressures  have  been  plotted 
with  the  careful  .sclcwlion  ruutme  described 
earlier,  the  problem  of  ship  pre.s.sares  still  re- 
mains. To  dale,  the  niobt  succcs.sful  remedv  has 
been  to  follow  the  path  of  individual  ships  and 
even  plot  their  reports  in  time  ^erics.  This  will 
tell  quieklv  whether  reliance  can  be  placed  on 
the  prcbbures  from  a  certain  vessel  ox  whether  a 
constant  correction  should  be  applied,  l.solated 
reports  from  ships  .suddenK  appearing  in  the 
middle  of  the  area  of  analvsis  should  receive 
least  weight.  As  a  further  aid.. sea  level  pressures 
reported  bv  luw-llvlng  reconnaissance  aircralt 
should  be  plotted  on  the  surface  map.  ti)gether 
with  the  winds  at  flight  level.  In  doing  so, 
however,  the  diurnal  pressure  variation  during 
the  llight  time  must  be  considered,  though 
synoptic  pressure  changes  over  a  time  interval 
ove  3  hours  before  to  3  hours  after  map  time 
may  iiornially  be  disregarded  .safelv . 

However,  3-hour  pressure  changes  south  of 
IS'^N  over  the  western  Pacific  ina>  amount  to 
as  much  as  2  to  3  millibars  or  more.  This  can  he 
taken  into  consideration  b>  knowing  the  average 
3-hour  tendencies  for  a  particular  area  or  sta- 
tion. Surface  pressures  plotted  from  dropsoiides 
should  also  be  plotted  in  the  surface  chart. 

The  diurnal  variation  is  particularly  trouble- 
some when  charts  extending  over  W  long,  or 


more  are  drawn  at  6-liourly  intervals  and  then 
compared  in  sequence.  Troughs  and  ridges  of  the 
semidiurnal  pressure  wave  are  90^  long,  apart. 
Suppose  the  normal  pressure  gradient  in  a 
tropical  area  is  3  millibars  per  10^  hit.  and  the 
isobars  run  straight  cast-west  at  a  given  map  time. 
If  a  ridge  of  the  semidiurnal  wave  reaches  the 
wesiern  end  of  :i  90""  long,  interval  6  hours  later 
and  a  trough  reaches  the  eastern  end,  the  isobars 
at  that  time  will  trend  equatorward  by  no  less 
than  10'^  hit.  from  eastern  to  western  end  of  the 
map  at  that  time,  if  the  pressure  difference  from 
crest  to  trough  is  about  3  millibars.  (See  llg. 
12-31.)  Further,  the  trough  area  will  feature 
cyclonic  isobars  in  a  huge  arc  -this  is  especially 
noticeable  in  the  western  Pacillc.  As  seen  from 
figure  12-32  the  1.01 0-nib  isobar  is  displaced  by 
appro.xiniately  1,500  miles  in  6  hours.  Evi- 
dently, 6-hourly  maps  cannot  be  compared 
under  such  circumstances. 

A  remedy  for  this  difllculty  has  been  sug- 
gested. At  any  point  of  the  map  the  normal 
departure  of  pressure  from  the  mean  can  be 
computed  for  the  normal  map  times  of  the  day. 
If  this  is  done  for  the  whole  area  of  analysis  and 
for  each  month  of  the  year,  the  correction  that 
should  be  added  or  subtracted  from  the  current 
sea  level  pressure  wave  can  be  determined. 
Although  this  wave  is  not  quite  constant  from 
dav  to  day,  charts  drawn  with  such  corrections 
will  be  fairly  comparable. 

It  is  essential  to  draw  for  2-nib  intervals  in  the 
trades  and  for  1-mb  intervals  close  to  the 
Lquator.  In  addition,  the  1-nib  interval  should 
be  used  whenever  the  isobars  are  so  widely 
spaced  that  even  2'mb  isobars  do  not  reveal  the 
important  features  of  the  pressure  field.  It  is 
thus  readilv  seen  how  important  it  is  to  screen 
the  pressure  reports  carefully.  A  few  bad  pres- 
sures can  distort  the  isobaric  pattern  in  a 
grotesque  wa>.  All  pressures  of  normally  reliable 
stations  should  be  drawn  to  quite  strictly  and 
disregarded  or  modified  only  when  excellent 
reasons  exist.  Too  often  one  approaches  a  chart 
with  an  initial  idea  as  to  how  it  should  look.  It  is 
much  better  to  let  the  data  guide  the  pencil. 

For  application  to  differential  analysis,  the 
finished  isobars  nui^^t  be  relabeled  in  terms  of 
the  height  of  the  1,000-mb  surface.  This  can  be 
accomplished  with  the  standard  method  of?  1/2 
millibars  equal  200  feet  (60  meters),  starting 
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Figure  12-31, -Six-hour  diuma!  pressure  change  from  OOOOZ  to  0600Z. 


AG.665 


from  LOOO  millibars:  when  greater  accuracy  is 
desired,  use  table  12  2.  Table  12-2  lias  been 
calculated,  using  the  normal  temperatures  pre- 
vailing near  the  surface  over  the  tropical  oceans. 
The  isobars  are  labeled  directiv  in  units  ol"  the 
LOOO-mb  height. 

24-Hour  Pressure  Changes 

The  24-hour  changes  obser\'ed  at  all  reporting 
stations  are  computed  and  written  just  above  the 
pressure  values.  This  should  be  a  step  of  the 
normal  plotting  routine.  It  will  help  to  circle 
these  changes  so  that  they  will  stand  out  better 
among  the  mass  ol"  information  on  the  surface 
map.  Over  the  ocean  area,  the  procedure  is  to 
tabulate  rhe  pressure  daily  at  all  5°  latitude- 
longitude  intersections,  to  compute  differences, 
and  to  plot  these  Isallobars  are  then  drawn  at 
intervals  of  0.5  to  1.0  millibar,  depending  on  the 
magnitude  of  the  changes. 

Alternately,  the  changes  may  be  obtained  by 
graphical  subtraction  of  the  current  chart  from 


the  previous  one.  This,  however.  v/il|  often  prove 
less  satisfactory,  since  the  isobars  tend  to  run 
fairly  parallel  and  intersect  usually  ai  very  small 
angles. 

The  nuiin  objective  of  the  analysis  is  to  track 
rise  and  fall  centers  and  note  their  changes  in 
intensity.  In  addition,  it  furnishes  a  check  on  the 
ocean  isobaric  analysis:  if  large  regions  of  intense 
falls  sudilenly  appear  withoih  contniuily.  the 
Aerographer's  Male  will  ilo  well  to  reexamuie  his 
work. 

In  general,  the  isallobaric  analysL^  will  yield 
good  continuity.  It  can  even  be  extended  to 
such  areas  where  pressure  values  are  quire 
irregular  due  to  lack  of  precise  knowledge  of 
station  altitudes. 

Usually,  one  looks  for  concentrated  tall  or 
rise  centers  covering  limited  areas  only  to  locate 
intense  disturbances.  Wide  areas  of  fairly  uni- 
forni  falls  are  considered  h.armless. 

Occasionally  falls  of  I  to  2  millibars  over 
most  if  not  all,  of  the  region  of  analysis  will 
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appear  suddenly  on  I  clay,  to  be  canceled  by 
corresponding  rises  within  24  to  48  hours.  Such 
pressure  waves  on  a  huge  scale  are  not  under- 
stood at  present,  but  for  forecasting  they  appear 
to  be  without  significance.  When  such  wide- 
spread falls  occur,  a  synoptic  fall  area  will 
appear  as  a  center  of  still  larger  falls,  but  a 
synoptic  rise  area  may  take  the  form  of  an  area 
of  small  falls  embedded  in  surroundings  with 
larger  falls. 

Subsequent  to  the  analysis,  the  isallobaric 
centers  should  be  re'.nted  to  the  low-level  stream- 
lines and  the  weath pattern,  later  they  should 
also  be  compared  with  the  distribution  of  wind 
and  temperature  aloft.  In  particular,  fall  centers 
containing  much  bad  weather  and  associated 
with  warming  in  the  troposphere  and  anti- 
cyclonic  circulation  at  200  millibars  must  be 
regarded  as  potentially  dangerous,  especially 
wiien  there  is  a  trend  toward  an  increasing 
association  of  these  features.  Rise  areas  associ- 
ated with  bad  weather  generally  do  not  indicate 


immediate  deepening  even  though  the  intensity 
of  the  convection  may  be  severe.  The  forecaster 
should  be  on  the  lookout  for  rises  surrounding 
an  area  of  weak  falls  or  even  no  changes. 
Especially  if  the  rises  are  intensifying  but  not 
spreading  in  area,  sudden  intensification  of  the 
falls  is  apt  to  follow. 


Weather  Distribution 

The  weather  distribution  map  is  a  graphical 
representation  of  the  clouds  and  weather  over  an 
area  of  operation.  In  high  latitudes,  most  fore- 
casters would  be  reluctant  to  spend  the  time 
necessary  for  analyzing  such  a  chart  because  the 
surface  synoptic  chart,  with  the  clouds  and 
weather  plotted  at  each  station  together  with 
the  identification  of  air  masses  and  fronts,  is 
adequate  for  most  purposes.  For  operations  in 
the  Tropics,  however,  the  weather  distribution 
map  is  almost  indispensable  for  both  forecasting 
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Table  12-2.— Sea  level  pressure  versus 
1,000-mb  height. 


Sea  level  pressure 
(mb) 

1,000-mb 
height 
(tens  of  ft)  (meters) 

1,000 

0 

0 

02 

6 

18 

04 

12 

37 

06 

17 

52 

08 

23 

70 

10 

29 

88 

12 

34 

104 

14 

40 

122 

16 

46 

140 

18 

51 

155 

20 

57 

174 

22 

63 

192 

24 

69 

210 

26 

74 

226 

28 

80 

244 

30 

85 

259 

and  night  brie  ting.  In  in.stanccs  where  pre<.ise 
and  detailed  analysis  of  weather  over  partitulai 
terniinals  or  areas  is  required,  it  is  often  neces- 
sary to  follow  the  i.untinuit>  of  the  weather  and 
cloud  patterns  in  the  same  fashion  as  the 
continuity  of  low-pressure  centers  and  front.s.  As 
a  briefing  chart,  the  weather  distribution  map  ii; 
perhaps  the  most  practical  means  of  presenting 
the  weather  to  i  onmeteorologists.  Finally,  the 
art  of  forecasting  the  weather  depends  upon  the 
ability  to  correlate  changes  in  the  wind  and 


pressure  patterns  with  parallel  changes  in  the 
cloud  and  precipitation  patterns. 

Several  methods  of  drawing  a  weather  distri- 
bution map  have  been  developed.  All  involve  the 
use  of  the  standard  synoptic  cloud  symbols  to 
designate  the  cloud  types.  The  deviations  are 
mostly  confined  to  the  representation  and  analy- 
sis of  the  amounts  of  clouds.  The  choice  of 
method  can  be  determined  locally.  The  data 
included  on  the  plotted  charts  should  be  as 
complete  and  extensive  as  possible.  Besides  the 
regular  land  and  ship  synoptic  reports,  other 
reports  entered  on  the  map  are  reconnaissance, 
off-hour  ship,  pirep,  and  aircraft  in-llight  re- 
ports, each  appropriately  designated  as  to  type 
and  time  of  report.  Past  weather  should  also  be 
entered  on  the  weather  distribution  charts,  for  it 
will  aid  in  correlating  the  movement  of  weather 
systems,  and  may  fill  blank  spots  on  the  charts 
on  occasion. 

ANALYSIS  WEATHER  DISTRIBUTION.-If 
weather  distribution  maps  form  a  part  of  the 
standard  daily  analysis  in  the  weather  office,  the 
task  of  drawing  the  map  is  greatly  simplified  by 
the  fact  that  the  major  weather  systems  of  the 
Tropics  have  continuity  from  map  to  map.  From 
day  to  day,  large-scale  systems  moving  through 
the  area  of  operation  may  show  the  same 
characteristic  intensity,  as  judged  by  the 
amount,  depth,  and  arrangement  of  the  clouds 
and  the  precipitation  patterns.  On  the  other 
hand,  they  may  increase  in  intensity  or  die 
away.  However,  during  the  explo.sive  deepening 
of  .some  typhoons  and  hurricanes,  the  changes 
are  sufficiently  slow  to  be  followed  easily  on  the 
map  sequences.  In  some  regions,  systems  may 
form  aloft  and  remain  stationary  for  many  days, 
slowly  increasing  in  inten,sity  from  day  to  day. 
Under  the.se  circumstances,  tue  whole  process  of 
deterioration  in  the  weather  can  be  followed  in 
detail  and  forecast  by  simple  extrapolation. 

The  following  discussion  of  vveathei  distribu- 
tion analysis  is  limited  to  times  when  weather 
distribution  charts  are  not  part  of  the  normal 
routine  of  the  weather  office  and  the  Aerograph- 
er's  Mate,  as  analyst,  must  start  from  scratch. 

I.  If  the  analyst  has  not  already  become 
familiar  with  the  climatology  of  the  area,  he 
should  consult  the  best  available  mformation  on 
the  cloud  and  weather  characteristics  of  the 
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season  and  plaee.  If  llie  equaional  trough  lies 
near  or  aeross  the  area,  he  should  be  on  the  alert 
to  discover  in  the  reports  evidence  ol*  "eqiia- 
lorial  iVonls''  lines  ol  cumulus  congestus  or 
cumulonimbus  that  simulate  the  cold  fronts  of 
high  latitudes.  If  he  is  working  in  a  trade  wmd 
area,  he  should  be  prepared,  before  starling  the 
analysis,  to  find  characteristic  distribution  and 
heights  ot  cumulus  and  stratocuniukb.  In  other 
words,  his  climatological  knowledge  should  help 
him  form  a  mental  picture  of  the  normal 
weather  distribution  map  of  the  region.  If  he 
finds  radical  departures  from  this  paliern,  he 
will  know  that  he  must  pay  particular  attention 
to  the  anonIalou^  leatures,  making  ever\  elfort 
to  delineate  tliem  properly  on  the  map. 

2.  Kxamine  the  aircraft  reports,  first  priority 
being  gi\en  to  any  reconnaissance  data.  II,  as  is 
customar\  in  some  regions,  transient  aircrews 
have  submitted  pictorial  cross  sections  of  the 
weather  along  the  air  routes  to  the  station,  these 
should  also  be  examined  at  this  time.  Particular 
attention  should  be  given  to  plain  language 
description  changes  of  cloud  form,  is  these 
usually  indicate  the  extent  and  orientation  of 
major  cloud  systems.  The  analyst  should  outline 
these  features  lightly.  After  the  aircraft  reports 
have  been  thoroughly  examined,  analyze  the 
remaining  reports  in  approximately  the  same 
fashion. 

3.  Outline  the  ,irec!s  of  middle  clouds.  At 
l^r^t.  all  ar^as  of  middle  clouds  should  be 
outhned  b\  tollownu'  the  repoits  rather  niech,m- 
icalK  and  niaking  rea>onable  interpolations  be- 
tween reports.  Then,  the  resulting  picture  should 
he  examined  with  an  e\e  to  the  reports  of 
cuinuhlorm  clouds.  If  cunuikmimbus  are  absent, 
any  niid  cloud  is  probabK  independent.  Some 
attempt  should  be  made  to  distinguish  an 
organized  shape  to  the  s\sicm.  Independent 
systems  will  usualK  be  bandlike  oi  sickle  shaped 
With  fra\ed  edges  of  patchy  altocunuIlu^. 

All  middle  clouds  will  not  be  independent.  If 
orographic  cumulus  or  cumulonimbus  are  wide- 
spread, fairly  large  patclies  of  middle  clouds  may 
reported  in  their  neighborhood.  However, 
these  patches  will  be  detached  from  one  another 
and  will  rarely  form  a  very  extensive  alto-system 
with  a  definite  shape.  If  reports  of  cumuliform 
clouds  indicate  that  the  middle  cloud  in  any  pait 
of  the  legion  is  dependent,  the  analyst  should 


keep  the  area  covered  by  his  drawing  of  the 
cloud  to  the  minimum  compatible  with  the 
leports  and  the  topograpiiy:  at  the  same  lime  he 
should  show  clearly  the  connection  l)etween  the 
mid  cloud  and  llie  eonvective  pillars.  In  passing, 
it  ^hould  be  emphasized  that  over  the  open  sea. 
lines  of  cumulus  congestus  or  cumulonimbus  are 
often  associated  with  alto-systems,  but  this  does 
not  necessarily  mean  that  the  mid  cloud  is 
dependent,  on  the  contrary,  the  most  likely 
situation,  during  the  late  stages  of  deepening  of 
an  upper-level  cyclone,  is  for  one  or  more 
asymptotes  of  convergence,  with  accompanying 
euniulus  or  cumulonimbus  lines,  to  develop 
under  a  preexisting  deep  alto-system  and  merge 
with  it  aloft. 

4.  Delineate  the  high  clouds.  Follow  the  same 
principles  as  were  used  in  drawing  the  mid 
elouds.  Usually  there  is  little  difficulty  in  dis- 
tinguishing between  dependent  and  independent 
cirrus.  Almost  all  independent  allo-systeins  will 
be  accompanied  by  cirrus  or  cirroslratus  sheets, 
either  separate  and  at  a  much  higher  level,  or 
fused  with  it  in  the  areas  of  precipitation. 
Usually  the  cirrus  sheets  cover  a  wider  area  than 
the  alto-system,  and  often  cirrus  in  broad  bands 
eover  a  great  area  on  either  side  of  the  alto- 
system,  the  bands  being  oriented  parallel  to  the 
main  axis  of  the  ;dio-systeni. 

The  delineation  of  cirrostratus  sheets  of  in- 
dependent lormation  can  be  of  great  assistance 
m  tracing  the  genesis  and  development  of  an 
upper-le\el  cyclonic  system.  At  early  stages  in 
the  de\elopmenl  of  such  >ysteiiis.  very  little  mid 
cloud  may  be  present,  and  the  circulation  may 
Ik  evident  only  in  the  layers  above  30,000  feet 
t^),l44  meters).  On  the  weather  distribution 
map,  howc\ei,  this  early  ^lage  of  development  is 
olten  ciccompanied  by  exten.sive  sheets  of  cirro- 
stratus.  A  series  of  maps  which  clearly  shows  the 
de\elopment  of  the  cirrostratus  sheets  is  often 
the  bcM  way  to  follow  the  gradual  intensifica- 
tion of  the  system. 

5.  By  the  time  he  has  analyzed  the  distribu- 
tion of  the  mid  and  high  clouds,  the  forecaster 
should  have  studied  most  of  the  lower  cloud 
reports  and  should  have  formed  definite  opin- 
ions about  tlicir  distribution.  Low  clouds  of 
orographic  origin  should  be  obvious  by  this 
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time.  The  more  definite  frontlike  lines  of  ciiniii- 
lus  and  cumulonimbus  should  be  clearly  indi- 
cated. Often,  very  extensive  areas  may  be 
covered  by  more  or  less  uniform  distributions  of 
cumulonimbus.  Delineate  these  areas  as  sharply 
as  possible. 

6.  Next,  note  all  precipitation  and  special 
phenomena.  The  analysis  should  then  be  com- 
plete. 

Although  various  combinations  of  cloud  types 
and  amounts  will  occur,  the  following  three 
patterns  tend  to  be  most  prominent; 

1.  A  large  amount  of  low  clouds,  cumulus 
congestus  and  cumulonimbus  with  mid  and  high 
clouds  and  reports  of  current  or  past  showers  or 
rain.  This  pattern,  of  course,  is  typical  of 
disturbed  areas. 

2.  Few  or  no  mid  or  high  clouds,  either  with 
few  low  clouds,  or  with  large  amounts  of 
cumulus  humilis  (also  called  fair-weather  cumu- 
lus) or  stratocumulus.  This  combination  indi- 
cates suppressed  convection. 

3.  Low  clouds  near  average,  occasional  cumu- 
lus congestus,  and  mid  and  high  clouds  in 
varying  amounts.  In  such  a  transition  pattern,  it 
is  most  important  to  study  the  upper  clouds, 
since  these  are  independently  formed  in  such 
cases  rather  than  derived  from  tall  cumuliforni 
types.  Thickening  cloud  cover  aloft,  especially 
altostratus  overcast,  denotes  an  approaching, 
forming  disturbance. 

CORRELATION  OF  WIND  AND 
WEATHER.-The  correlation  of  wind  and 
weather  is  still  in  the  infant  stage  of  develop- 
ment, and  rules  evolved  do  not  always  have 
universal  application.  Local  peculiarities  tend  to 
necessitate  some  modification  and  in  many 
instances  require  rules  of  their  own  which  do 
not  lend  to  generalization.  However,  there  are 
some  general  rules  available,  and.  surely,  future 
experience  with  wind  and  weather  correlation 
will  yield  many  more. 

Inasmuch  as  the  vast  majority  of  clouds  are 
formed  by  upward  motion  of  air  and  vertical 
convergence  of  air  can  be  deduced  from  the 
horizontal  components  of  direction  and  speed  of 
the  wind  field  taken  over  large  areas,  we  find 
that  many  of  the  weather  patterns  in  general, 


ERLC 


and  specifically  in  the  Tropics,  have  a  diiect 
relationship  to  streamline  patterns  at  all  levels. 

Complete  correlation  of  wind  and  weather 
requires  analysis  of  the  wind  field  at  several 
levels.  Data  limitations  and  time  limitations 
usually  allow  a  correlation  for  only  two  levels: 
the  low-level  streamlines  between  2.000  to 
5,000  feet  (610  to  1.524  meters)  and  the 
streamlines  of  the  200-nib  or  40.000-ft  (12,191 
meters)  level.  Following  are  some  correlation 
rules. 

In  regions  of  moderate  to  strong  divergence  at 
the  low-level  streamline  level,  the  predominant 
cloud  is  usually  cumulus  humilis  with  less  than 
one-half  coverage. 

When  great  vertical  shear  accompanies  moder- 
ate divergence,  the  cumulus  humilis  will  be 
drawn  out  and  sheared  off  and  may  be  accom- 
panied by  dependent  stratocumulus. 

North  of  the  trade  wind  maximum,  in  the 
Norrhcrn  Hemisphere,  the  vertical  shear  m  the 
wind  in  the  lower  layers  is  usually  very  great  and 
the  trade  vviiul  inversion  low.  The  predominant 
cloud  is  usually  stratocumulus.  The  clouds  will 
exist  in  broken  patches  if  the  low-level  stream- 
line pattern  is  divergent.  Even  with  weak  to 
moderate  convergence  at  this  level,  very  uttle 
cumulus  forms;  the  result  is  usually  an  increase 
in  the  amount  of  stratocumulus.  west  and  south 
of  the  subtropical  anticyclonic  centers. 

When  there  is  little  vertical  shear  m  the  lower 
layers  and  the  low-level  streanilme  map  shows 
weak  to  moderate  convergence  south  of  the 
trade  wind  maximum,  expect  deeper  cumulus. 
The  cloud  amount  will  also  increase  over  that 
expected  in  divergent  flow,  but  not  to  a  very 
marked  extent.  Even  with  very  strong  con- 
vergence, the  cumuliforni  cloud  shows  many 
breaks,  the  general  effect  of  increased  conver- 
gence being  to  increase  the  height  of  the 
convective  cloud. 

.An  asymptote  of  convergence  in  the  low-level 
streamline  field  will,  if  it  coincides  with  a 
relative  minimum  in  the  speed  field,  be  accom- 
panied by  a  line  of  large  cumulus  congestus  or 
cumulonimbus. 

Oid  polar  fronts  sometimes  penetrate  into  the 
Tropics.  They  rarely  reach  IS'^N  or  S  lat  in 
oceanic  regions.  Such  a  remnant  is  often  detect- 
able as  a  line  of  towering  cumulus,  and  this  line 
between  the  old  air  masses  also  marks  a  change 
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111  cloud  loriii.  Tlicokl  Iroiil  may,  in  these  cases, 
appear  on  the  lowest  streamline  chart  as  an 
asymptote  of  convergence  running  east  to  west 
or  northeast  to  southwest  from  the  neutral  point 
between  two  middle  latitude  anticyclones.  In 
most  cases,  the  temperature  differences  between 
the  old  air  masses  are  negligible,  even  though  the 
cloud  line  may  persist  for  some  time  after  the 
air-niass  contrasts  have  disappeared  from  the 
soundings. 

An  asymptote  of  convergence  in  the  lower 
streamline  field  is  not  necessarily  accompanied 
by  a  cloud  line.  If  strong  speed  divergence 
occurs  along  part  of  the  line,  there  may  be  very 
little  heavy  cloud  or  precipitation  accompanying 
It:  furthermore,  bad  weather  may  be  found  at 
some  distance  from  the  line,  where  speed  con- 
vergence predominates. 

UPPER  .AIR  ANALYSIS 

Since  the  upper  winds  of  the  Tropics  are  far 
more  reliable  than  upper  pressures  and  tempera- 
tures. It  is  natural  to  think  of  upper  air  analysis 
at  first  in  terms  of  streamlines.  Such  analysis,  in 
fact,  has  proved  useful  in  day-to-day  forecasting; 
moreover,  much  of  the  information  we  now 
possess  about  the  tropical  atmosphere  aloft  has 
been  deduced  from  this  method.  However,  \ve 
must  consider  the  pressure  and  temperature  field 
also.  Any  numerical  values  must  come  from 
working  with  the  fields  of  pressure  and  tempera- 
ture. Moreover,  pressure  pattern  (D)  Hying 
appears  to  be  as  feasible  over  the  tropical 
oceans,  at  lea.st  to  latitudes  10""  to  IS^'N  and  S, 
as  it  is  in  higher  latitudes.  Thus,  for  operation  of 
jet  aircraft  in  the  high  troposphere,  a  200-mb 
analysis  is  indi.spensable.  Since  the  fuel  supply  of 
jet  aircraft  is  aLso  very  sensitive  with  respect  to 
tempeature-especially  during  ascent  and  de- 
.scent-a  close  estimate  of  the  temperature  distri- 
bution is  a  further  requirement. 

The  upper  troughs  and  ridges  of  the  Tropics 
usually  reach  their  greatest  intensity  near  200 
millibans,  which  makes  this  surface  a  .suitable 
level  for  high  tropospheric  analysis  in  low 
latitudes.  AKso.  differential  (thickness)  analysis  is 
requisite  to  stabilize  the  contour  analysis  of 
upper  isobaric  surfaces. 

It  IS  impractical  to  make  a  thickness  analysis 
for  the  whole  layer  from  1,000  to  200  millibars 
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because  many  disturbances  and  their  associated 
temperature  fields  occupy  only  the  lower  or  the 
upper  troposphere;  combination  may  remove 
the  most  significant  map  features.  Therefore  it  is 
logical  to  break  the  whole  layer  into  two  parts 
and  carry  out  the  upper  contour  analysis  mi  two 
steps.  The  500-nib  surface  is  the  most  conveni- 
ent intermediate  level,  though  it  is  not  an  ideal 
surface  for  tropical  upper  air  analysis  because  it 
is  situated  in  the  layer  intermediate  between  the 
disturbances  of  low  and  high  troposphere.  We 
shall  here  operate  with  the  layers  from  1,000  to 
500  millibars  and  from  500  to  200  millibars, 
the  discussion  is  limited  to  latitudes  poleward 
of  10"",  Experience  still  closer  to  the  Equator  is 
too  limited  to  warrant  treatment. 


General  Considerations 

Several  rules  guide  the  analysis:  (1)  The  upper 
contours  should  be  drawn  parallel  to  the  upper 
winds  when  the  wind  is  10  knots  or  more. 
(2)  The  vertical  shear  vectors  through  the  two 
layers  we  are  considering  should  indicate  the 
orientation  of  the  mean  temperature  (thickness) 
field  though  not  necessarily  the  magnitude  of 
the  mean  temperature  gradient.  This  applies 
especially  to  the  layer  from  500  to  200  milli- 
bars. (3)  Since  the  mean  temperature  of  a  layer 
several  hundred  millibars  thick  is  nearly  conserv- 
ative from  day  to  day,  the  thickness  ilelds  of 
two  succeeding  days  should  be  readily  compar- 
able. Regions  of  relatively  warm  and  cold  air 
should  be  traceable  from  day  to  day  without 
difficulty  and  the  intensity  of  centers  should  not 
change  drastically  without  good  reason.  In  par- 
ticular, one  should  not  find  huge  areas  where 
colder  or  warmer  air,  not  pres^Mit  previously, 
appears  suddenly.  When  this  happens,  analysis 
errors  should  always  be  suspected,  (4)  Heights  of 
upper  isobaric  surfaces  and  thicknesses  between 
surfaces  vary  in  a  limited  range  in  each  area  and 
season.  Normals  and  extremes  can  be  established 
by  plotting  frequency  distributions.  This  will 
help  the  analyst  to  avoid  values  outside  the 
observed  ranges  and  to  reali'/e  when  he  has 
drawn  a  higher  or  low  value  with  the  perini.ssiblc 
range.  We  have  seen  earlier  that  such  high  or  low 
values  are  as.sociated  with  definite  types  of  flow 
patterns. 
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Analysis  Procedure 

Tlie  usual  approach  to  analysis  when  the 
thickness  method  is  used,  is  to  first  draw  the 
upper  contour  ciiarts,  then  compute  the  height 
differences  between  the  isobaric  surfaces,  and 
inspect  the  result  as  to  pattern  and  chunge  from 
the  preceding  day.  Assuming  the  500-nib  analy- 
sis is  finished,  draw  next  the  l,000-mb  chart. 
Then  obtain  the  thickness  either  graphically  or 
plot  a  chart  containing  thickness  values  and 
wind  shears  at  the  observation  stations  along 
with  thicknesses  at  all  S""  lat/Iong  intersections 
over  the  oceans.  Although  the  latter  procedure  is 
preferable,  it  is  more  likely  that  we  will  use  the 
graphic  approach,  primarily  because  of  limi- 
tations on  our  time.  Depending  on  the  area  and 
season,  the  interval  for  analysis  is  50  or  100  feet 
(15  or  30  meters).  We  then  inspect  our  charts 
carefully  and  make  the  necessary  adjustments. 

This  process  is  then  repeated  for  the  500-  to 
200-mb  layer.  In  addition  to  larger  and  more 
definitive  wind  shifts,  the  Aerographer's  Mate 
can  use  here  the  fact  that  a  high  correlation 
exists  between  the  height  of  the  200-mb  surfaces 
and  the  thickness  of  the  layer  from  500  to  200 
millibars. 

As  analyst,  the  Aerographer's  Mate  can  corre- 
late the  cloud  and  weather  chart  described 
earlier  with  the  upper  How  patterns  and  thick- 
ness changes.  In  a  zone  where  the  cloud  reports 
indicate  definite  subsidence,  cooling  from  the 
previous  day  cannot  be  observed  unless  a  cold 
center  is  being  advected  into  the  area:  the  latter 
then  should  be  losing  intensity  with  time.  A 
deepening  upp.jr  cyclone  must  either  have 
cloudiness  on  the  infiow  side  into  the  cyclone- 
which  is  often  incompatible  with  the  dynamics 
of  the  situation-or  colder  air  must  be  brought 
in  from  outside  the  system.  Otherwise  there  is 
no  physical  process  except  radiation  which 
could  achieve  the  central  cooling  which  must  be 
present  to  account  for  200-mb  height  decreases. 

The  relation  between  anticyclonic  fiow  and 
weather  is  just  as  important.  High  tropospheric 
anticyclones  can  increase  in  intensity,  coupled 
with  warming  in  middle  and  lower  troposphere, 
both  in  areas  of  ascent  and  descent.  In  the  latter 
case  we  are  dealing  with  the  well-known  dy- 
namic high.  If  a  200-mb  high  strengthens, 
however,  when   much   cloudiness  is  present, 

O 

ERLC 


either  aloft  or  throughout  the  troposphere,  this 
can  only  mean  that  latent  heat  of  condensation 
is  being  liberated  in  such  a  way  as  to  produce 
warming  aloft.  The  heat  liberated  can  be  partly 
converted  to  kinetic  energy  in  such  cases  and 
there  is  then  the  possible  beginning  of  a  storm. 

Estimating  Wind  Flow  From 
Satellite  Pictures 

Clouds  over  the  Tropics,  viewed  from  satellite 
altitude,  reveal  many  features  of  the  flow.  The 
distribution  of  widespread  cloud  systems  has 
definite  relationships  to  major  trougli  and  ridge 
positions.  Wind  estimates  for  both  upper  and 
lower  tropospheric  level  can  be  obtained  from 
an  analysis  of  cumulus  and  cirrus  cloud  forma- 
tions. These  car.  be  obtained  by  using  interpreta- 
tion of  singular  cloud  pictures  or  on  actual 
measuiement  of  cloud  motion  from  a  series  of 
pictures. 

Two  of  the  most  useful  cloud  patterns  used 
for  determining  upper  level  flow  are  plumes 
from  the  tops  of  cumulonimbus  clouds,  and 
cirrus  cloud  shields  associated  with  subtropical 
jet  streams. 

Vertical  wind  shear  through  an  atmospheric 
layer  containing  clouds  is  one  of  the  prime 
factors  governing  the  shape  of  cloud  formation. 
Most  of  the  cloud  lines  and  bands  seen  in 
satellite  pictures  are  oriented  parallel  to  the 
themial  wind  through  the  layer  from  cloud  base 
to  cloud  top.  Under  some  circumstances,  the 
direction  of  shear  is  the  same,  or  nearly  the 
same,  as  the  direction  of  motion  of  the  air 
containing  the  cloud.  This  is  the  case  if:  (l)the 
\yind  changes  speed  with  height  but  not  direc- 
tion; (2)  the  wind  changes  direction  with  height 
but  the  winds  at  the  top  of  a  cumulonimbus  are 
much  stronger  than  those  near  its  base. 

When  these  conditions  occur,  it  is  possible  to 
estimate  the  wind  direction  directly  from  the 
orientation  of  the  cumulonimbus  plumes.  These 
conditions  are  common  in  tropical  regions  where 
the  speed  of  the  wind  at  the  level  of  cumulonim- 
bus anvils  is  several  times  greater  than  the  mean 
wind  speed  of  the  wind  through  the  lower 
portion  of  the  cumulonimbus  cloud.  In  these 
cases  wind  estimates  based  on  orientation  and 
dimensions  of  cirrus  blow-off  are  quite  accurate 
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and  closely  approximate  the  wincLs  near  the 
cloud  top. 

There  arc  two  conditions  which  can  cause 
considerable  error  in  wind  direction  estimates 
derived  trom  cumulonimbus  plumes:  (I)  light 
winds  at  the  cirrus  level:  (2)  a  large  dilTerence 
between  the  direction  of  the  shear  through  the 
convective  layer  and  the  direction  of  the  wind  at 
the  top  of  the  layer. 

When  the  speed  is  light  (less  than  20  knots), 
the  wind  direction  is  variable  causing  the 
correlation  between  plume  orientation  and  wind 
direction  to  be  less  reliable.  If  there  is  a  large 
difterence  between  the  direction  of  the  shear 
through  the  convective  layer  and  the  direction  at 
the  top  of  the  layer,  the  plumes  will  be  parallel 
to  the  shear  but  not  to  the  wind  at  the  layer  top. 
This  condition  is  common  m  frontal  areas  where 
temperature  advection  is  strong,  but  occurs  less 
freciuentlv  in  the  Tropics. 

UmiR    LBVEL    PLOW    FROM  CIRRUS 
CLOUD  SHIELD. -It  is  common  to  observe 
huge  masses  of  cirriform  clouds  extending  pole- 
ward from  the  tropics.  These  clouds  occur  in 
advance  of  200Miib  troughs  and  represent  a 
poleward  transport  of  momentum  and  high  level 
moisture   from   the  tropical  region.  A  wind 
maximum  is  usually  located  on  the  poleward 
edge  of  these  cloud  formations.  As  with  strong 
jet\treamb.  the  direction  of  the  upper  le\el  wind 
parallels  the  cloud  edge.  Because  the  air  is 
moving  avva>  from  the  equator  and  accelerating. 
It  IS  crossing  the  contour  pattern  toward  lower 
pressure.  For  thisieason.  the  genenil  orientation 
of  ihe  cloud  shield  and  the  striations  within  it 
ca;i  differ  as  muv.;i  as  15  degrees  from  that  of 
tne  upper  tropospheric  contours.  When  this  is 
taken  into  account,  cirius  formations  of  this 
type  provide  good  estimates  of  wind  direction 
but  less  precise  niformation  as  to  wind  speed 
Figure  12-33  shows  a  typi^^d  cirrus  cloud  shield. 
The   double-shafted,  white  arrows  (B  to  C) 
represent  the  200-nib  wmd  maximum  suggested 
by  the  cirrus  cloud  eilge.  The  black,  single- 
shafted  arrows  represent  th    ^00-nib  tlow  based 
on  individual  cirrus  elemen*    hat  lie  within  the 
larger   scale   formation.  vortical  cloud 

pattern  (-D)  is  associated  v.  i  a  cut-off  low. 
Southeast  of  D.  a  cirriform  cloud  shield  extends 
northeast  from  A  in  advance  of  an  upper  level 
trough  associated  with  the  vortex.  There  are 


numerous  small-scale  lines  of  clouds  (E  to  F) 
which  are  oriented  approximately  perpendicular 
to  the  wind  direction.  These  lines  are  believed  to 
be  caused  by  horizontal  shear  and  should  not  be 
confused  with  cumulonimbus  plumes  which  are 
oriented  parallel  to  the  vertical  shear. 

LOW   LEVEL  WINDS   FROM  CUMULUS 
CLOUD  LINES. -Research  has  shown  that  many 
cumulus  cloud  lines  observed  between  ION  and 
lOS  over  the  Atlantic  and  eastern  Pacific  Oceans 
are  oriented  approximately  parallel  to  the  sur- 
face wind  diiecMon.  Because  the  orientation  of 
cloud  lines  relates  to  the  shear,  these  lines  may 
depart  considerably  from  the  surface  wind  direc- 
tion. Therefore,  a  great  deal  of  caution  nius^  be 
exercised  when  using  them  to  define  low-level 
wind  now.  There  are  no  hard,  fast  rules  which 
permit  positive  identification  of  the  particular 
cloud  lines  which  arc  approximately  parallel  to 
the  surface  wind.  It  has  been  observed  that 
cloud  lines  which  arc  very  long,  very  narrow, 
and  either  wavy,  zig-7.ag,  or  have  knots  (wide 
places  along  a  line),  are  the  type  most  oft^en 
parallel  to  the  surface  wind.  In  figure  12-34, 
cloud  lines  are  shown  which  are  approximately 
parallei  to  tne  wind  How.  Surface  wind  reports 
are  entered  on  the  picture  as  white  arrows. 

Upper-Level  Streamline  Analysis 

All  the  analysis  rules  applicable  to  the  bw 
levels  also  apply  to  the  higher  parts  of  the 
troposphere.  In  the  upper  troposphere,  in  the 
vicinity  of  the  20"  nib  level  or  the  40,000-ft 
(12,190  meters)  level,  you  find  more  often  than 
not  that  your  data  has  diminished  to  less  than 
half  that  available  for  the  low-level  streamlines, 
and  in  view  of  this  you  find  that  the  qualitative 
streamline  analysis  method  is  more  suitable  for 
this  level  in  most  cases.  The  streamline  analysis 
at  this  level  is  used  primarily  for  the  detection  of 
cyclonic  and  anticyclonic  flows,  and,  of  course, 
you  look  most  for  the  signs  of  anticyclonic 
outtlow  at  the  200-nib  level,  for  it  is  this 
outtlow  that  is  the  first  clue  to  tropical  cyclone 
development  in  the  upper  air. 

Before  you  llnaLcC  your  analysis,  you  should 
look  over  your  chart  objectively  and  ask  your- 
self the  following  questions: 

L  Do  the  streamlines  conform  to  the  general 
flow  pattern? 
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Figure  12-33.-A  typical  cirrus  cloud  shield. 


AG.667 


2.  Have  I  justified  throwing  out  every  wind 
that  1  could  not  draw  to? 

3.  If  I  cannot  justify  discarding  the  wind,  is 
there  any  way  I  can  draw  to  it? 

4.  Have  I  drawn  the  streamlines  parallel  to 
the  plotted  winds  rather  than  at  an  angle  to 
winds? 

5.  Is  (he  chart  consistent  with  other  levels? 

6.  Is  the  chart  consistent  with  history? 

7.  Are  the  streamlines  and  isotachs  con- 
sistent? 

8.  Have  I  drawn  any  unnecessary  lines? 

9.  Have  I  given  more  weight  than  necessary 
to  light  and  variable  winds? 

TROPICAL  FORECASTING 

Forecasting  in  the  Tropics  is  a  difficult 
problem,  necessitating  a  good  meteorological 
and  physical  background,  vast  amounts  of  clima- 
tological  knowledge,  a  keen  mind's  eye  which 


can  differentiate  the  minutest  deviation  in  a 
mass  of  nearly  homogeneous  data,  and  last,  but 
not  least,  diligence  and  dedication  in  the  ap- 
proach to  the  forecast. 

The  types  of  forecasts  in  the  Tropics  are  the 
same  as  anywhere,  in  that  you  encounter  [light 
forecasts,  route  and  terminal;  operational  fore- 
casts, and  general  or  lleet  forecasts  (RATT 
broadcast  form);  weather  clearances;  local  area 
forecasts  and  advices:  and  destructive  weather 
forecasts  and  warnings. 

Your  concern  in  this  chapter  is  with  the  local 
area  forecasts,  forecasting  the  ITCZ.  tropical 
waves,  and  destructive  weather  forecasts  and 
warnings  for  the  reasons  that  the  other  forecasts 
will  basically  depend  on  the  same  general  tech- 
niques and  approach  for  their  formulation  as  the 
local  area  forecast.  The  treatment  of  destructive 
weather  warnings  and  forecasts  is  limited  to 
tropical  storms  and  cyclones,  because  tornadoes 
are   largely  non-exi<ftent  in  the  Tropics  and 
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Figure  12-34.-Low  level  douds  off  the  coast  of  Africa. 


thunderstorms  are  covered  in  chapters  II  and  12 
of  this  course. 

LOCAL  AREA  FORECASTS 

The  importance  of  the  local  area  and  the 
general  area  climatology  has  been  pointed  out  at 
various  points  in  this  chapter.  It  is  in  the 
preparation  of  the  local  area  forecast  that  this 
knowledge  will  be  most  beneficial. 

During  the  analysis  of  the  various  charts,  most 
forecasters  form  a  mental  image  of  the  forecast 
charts  and  perceive  certain  fundamental  ideas  ol 
the  local  weather  (and  the  weather  anywhere  in 
the  area  of  responsibility,  for  that  matter)  for 
the  next  24  or  48  hours.  The  climatology  of  the 
analysis  and  forecast  area  serves  as  a  guide  in  the 


analysis  and  in  the  mental  prognostication.  The 
next  step  in  the  procedure  is  to  expand  and 
refine  the  mental  image  formed  so  far. 

The  ideal  approach  to  a  local  area  forecast  is 
to  prognosticate  the  upper  air  analysis  first, 
usually  the  500-mb  chart,  from  which  (with 
other  things  in  consideration,  as  for  instance, 
streamline  analysis,  v/eather  distribution  charts, 
and  time  sections)  the  surface  chart  is  prognosti- 
cated. Tiiis  prognostic  surface  chart  is  then  used 
as  a  basis  for  the  local  area  forecast,  again  with 
these  other  factors  considered  and  correlated, 
and  also  correlated  to  the  climatology  of  the 
local  area. 

Many  times  this  routine  for  various  reasons 
cannot  be  completed  in  its  entirety,  and  the 
forecast  must  be  prepared  anyway.  In  that  case 
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the  approach  is  still  the  same,  in  that  ALL 
available  data  are  considered  and  the  best  is 
done  with  what  data  are  available. 

TROPICAL  CYCLONE 
FORECASTING 

There  is  at  present  no  one  formal  procedure 
lor  forecasting  the  development  and  movement 
of  tropica^  cyclones.  This  can  be  understood 
when  c  >e  considers  the  enormous  complexity  of 
the  problem,  the  sparsity  of  data  in  the  oceanic 
tropical  regions  compared  to  that  available  in 
the  well-developed  and  highly  populated  conti- 
nents, and  the  vanishing  of  ship  reports  from  the 
area  of  a  Iropical  cyclone  as  soon  as  the  first 
warning  is  broadcast.  There  is  also  the  regional 
influence  to  consider,  and  this  inlluence  cannot 
be  slighted.  A  very  obvious  consequence  of 
regional  inlluence  can  be  demonstrated  when 
you  compare  the  North  Atlantic  area  with  the 
North  Pacillc  area.  The  North  Pacific  has  almost 
twice  the  tropical  water  area  and  also  better 
than  double  the  average  number  of  tropical 
cyclones  per  annum. 

Forecasting  tropical  cyclones  evolves  into  the 
following  problems,  formation,  detection,  loca- 
tion, intensification,  movement,  recurvature, 
and  decay. 

The  factors  that  enter  into  the  forecast 
preparation  are  iPainly  dynamical  (relating  to 
the  energy  or  physical  forces  in  motion),  but 
there  are  also  important  thermodynamic  inllu- 
enccs.  For  mstance,  tropical  storms  will  not 
develop  in  air  that  is  a  little  drier,  and  generally 
also  slightly  cooler,  in  the  surface  layers  than  the 
air  normally  present  over  the  western  portions 
of  the  tropical  oceans  in  summer.  This  holds 
true  if  air  with  a  trade  inversion  and  upper  dry 
layer  are  present.  Surface  ship  temperature  and 
(lewpoint  reports,  along  with  upper  air  data,  are 
extremely  valuable  in  determining  whether  the 
surface  layers  are  truly  tropical  or  whether  they 
contain  old  polar  air  not  yet  completely  trans- 
formed Careful  observations  from  ground  and 
aircraft  observers  on  conveciive  activity  indicate 
whether  or  not  there  is  a  lid  against  upward 
penetration  of  the  cumuli. 

Dynamically  storms  (existing  and  potential) 
are  subject  to  inlluences  from  the  surrounding 
areos.  In  the  Tropics,  we  usually  encounter  two 


layers  in  the  troposphere,  and  these  levels  have 
veiy  different  characteristics.  Mostly,  a  steady 
trade  blows  in  the  iower  levels  (surface  to  500 
mb),  while  a  succession  of  large  cyclonic  and 
anticyclonic  vortices  are  present  in  the  upper 
troposphere  in  the  400-  to  150-mb  strata.  In 
some  regions,  however,  (for  instance  between 
the  Mariana  Islands  and  the  South  Chma  Sea  m 
midsummer)  intense  eddy  activity  takes  place 
also  near  the  ground.  It  is  not  possible  to  deduce 
from  charts  drawn  in  the  lower  layers  what  is 
taking  place  above  500  millibars.  Therefore,  it  is 
necessary  to  keep  track  of  events  in  both  layers. 

Aside  from  the  surface  chart,  the  700-nib 
level  chart  is  very  helpful  in  determining  low- 
level  flow  patterns.  The  200-mb  level  is  represen- 
tative of  the  upper  layer,  whereas  the  500-mb 
level,  often  located  in  the  transition  zone,  is  of 
much  less  use  in  tropical  than  in  extratropical 
forecasting. 

However,  forecast  considerations  should  not 
be  limited  to  the  two  layers  in  Nie  Tropics. 
Middle  latitude  weather  and  changes  also  inllu- 
ence and  share  in  the  control  of  weather  changes 
in  low  latitudes.  The  position  and  movement  of 
troughs  and  ridges  in  the  westerlies  affect  both 
formation  and  motion  of  tropical  storms.  There- 
fore, middle  latitude  analysis  is  a  requisite.  Since 
forecasts  generally  run  from  1  to  3  days,  this 
should  be  a  hemispheric  analysis. 

The  climatological  approach  to  the  forecast 
problem  should  also  be  taken  into  consideration. 
It  is  obvious  that  a  forecaster  must  be  familiar 
with  his  region  and  the  seasonal  changes:  for 
instance,  areas  in  which  storms  tend  to  form  or 
not  form  for  any  given  month;  mean  storm 
tracks  and  the  scaUering  of  individual  tracks 
about  the  mean.  For  the  Atlantic  area  an 
elaborate  set  of  mean  tracks,  percentage  of 
frequency  of  motion  and  median  speeds  for  5"" 
latitude  squares,  and  regions  of  development  an<' 
their  subsequent  effect  on  east  coast  weather  are 
available  in  the  U.S.  Department  of  Commerce, 
Forecasting  Guide  No,  3,  Hurricane  Forecasting. 
Tracks  and  data  on  Pacific  storms  are  also 
available  in  other  publications.  These  maps  and 
charts  reveal  that  the  ''climatological"  approach 
gives  some  information,  but  it  cannot  be  relied 
on  in  any  area,  or  in  the  case  of  any  particular 
storm,  to  the  exclusion  of  $'  noptic  indications 
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for  the  forecast.  These  probability  considera- 
tions arc  useful  mainly  for  long-range  planning 
and  when  data  are  missing.  Therefore,  we  reach 
the  conclusion  that  climatological  information 
should  be  treated  as  a  weighting  factor  to  be 
included  after  synoptic  data. 

Formation 

A  full  blown  typhoon/hurricane  cannot  be 
forecast  as  such  when  there  are  no  indications  of 
any  type  of  irregularity  on  the  charts  and  aids 
used  m  tropical  analysis.  Onl\  when  the  incip- 
ient stage  first  appears  among  the  data  can 
we  begin  to  thmk  in  terms  of  an  actual 
typiioon/hurncane.  and  often  not  even  then. 
For  the  most  part  the  forecast  from  ^'tropical 
low**  to  typhoon/hurricane"  is  a  matter  of 
step-by-step  progression.  Assume  the  term  "for- 
mation" means  formation  of  a  "potential" 
typhoon/hurricane, 

Empirical    rules    or   checks   have  evolved 
through  the  years  which  eiijoy  a  measure  of 
reliability  to  warrant  their  use  (of  course,  the 
more  signs  pomt  to  formation,  the  more  likely 
formation  will  be). 

The  synoptic  conditions  favorable  for  devel- 
opment were  given  in  a  previous  section  of  this 
chapter.  In  the  following  list,  no  attempt  is 
made  to  .separate  the  surface  from  the  upper  air 
mdications  as  the  two  are  most  often  occurring 
simultaneously  and  are  interrelated. 

1.  Marked  cyclonic  turning  in  the  wind  field. 

2.  Shift  in  the  low-level  wind  directions  when 
easterlies  are  normally  present.  Wind-speed  must 
be  10  knots  or  more. 

3.  Greater  than  normal  cloudiness,  rainfall, 
and  pressure  falls.  Cloudiness  should  increase  in 
vertical  as  well  as  horizontal  extent. 

4.  Sea  level  pressures  lower  than  normal.  The 
value  IS  dependent  upon  the  region  analyzed, 
however,  a  value  greater  than  3  millibars  is  the 
normal  criterion. 

5.  Easterly  wind  speeds  25  percent  and  niore 
above  normal  m  a  limited  area,  especially  when 
the  flow  is  cyclonic. 

().  Temperatures  above  normal  at  .sea  leveL 
generally  26'^C  (79^F)  or  more  in  the  lower 
layers. 

7.  Moisture  above  normal  at  all  levels. 


8.  Westerlies  greater  than  average  north  of 
the  latitude  of  the  sea.sonal  maximum. 

9.  Easterlies  weaker  than  average  in  a  wide 
zone. 

10.  Easterlies  decreasing  with  height. 

I  I .  Easterlies  over  or  approaching  40.000  feet. 

12.  Latitude  of  the  subtropical  ridge  higher 
than  normal  jbove  the  500-nib  level. 

13.  There  is  evidence  of  a  fracture  of  a  trough 
aloft  (at  200  millibars). 

14.  Long  waves  slowly  progressive. 

15.  A  zone  of  heavy  convectio^^  is  present, 
indicating  the  ab.senee  of  the  trade  inversion. 

16.  Surtace  pressure  gradient  north  and 

17.  Disturbance  has  relative  motion  toward 
upper  ridge  at  or  above  400  millibars. 

Other  indications  of  development  which  are 
useful  are  sea  swell  and  tide  observations.  Swell 
will  have  a  period  less  than  average  and  an 
amplitude  greater  than  average.  The  normal 
swell  frequency  is  8  per  minute  in  the  Atlantic 
and  14  per  minute  in  the  Gulf  of  Mexico, 
Hurricane  winds  set  up  swells  with  a  period  that 
can  decrease  to  four  per  minute.  Swells  will 
approach  the  observer  approximately  from  the 
direction  in  which  the  storm  is  located.  The 
swell  height  is  an  indication  of  the  storm's 
intensity,  especially  when  the  swells  have  not 
encountered  shallow  water  before  reaching 
shore. 

Abnormally  high  tides  along  broad  coastlines 
and  along  shores  of  partially  enclosed  water 
bodies  with  the  highest  tides  usually  to  the  right 
ol  the  path  looking  downstream,  are  also  a  good 
indication. 

Detection 

We  already  discussed  how  the  meteorological 
satellites  have  greatly  aided  in  the  detection  of 
tropical  disturbances,  especially  in  the  early  life 
cycle.  It  is  important  for  meteorologists,  ana- 
lysts, and  forecasters  to  be  able  to  effectively 
interpret  these  pictures  to  achieve  the  maximum 
information  from  them.  Through  proper  inter- 
pretation of  the  pictures  determination  of  size, 
movement,  extent  of  coverage,  and  approximate 
surface  winds  can  be  made.  Satellites  have 
become  the  most  important  method  of  detec- 
tion of  disturbances. 
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AircniH  icconiKiissaiicc  pLi\s  .111  important 
role  in  tictcction  also.  This  has  become  even 
more  important  when  used  in  conjunction  with 
the  data  from  satellite  pictures.  Areas  of  suspi- 
cious cknid  structure  cm  he  in\esliga!eJ  bv 
aircraft  whose  crews  include  trained  meteorol- 
ogists and  obser\ers.  riiese  reconnaissance 
nights  can  provide  on-station  data  by  orbiting  or 
penetration,  either  high- or  low-level,  that  would 
not  be  available  otherwise. 

Another  method  ofdetecting  tropical  disturb- 
ances is  through  the  use  of  radar.  Present  radar 
ranges  extend  about  300  miles  and  can  scan  an 
area  approximately  300.000  square  miles. 

The  Navy  has  al>o  developed  several  dilTerent 
types  of  floating  weather  stations  to  report 
various  meteorological  elcment.s.  These  stations 
send  out  measured  data  automatically  or  upon 
query. 


Locati'^n 

The  problems  of  formation,  detection,  and 
location  are  in  reality  a  single  three-in-one 
problem.  One  is  dependent  on  the  other. 

In  the  case  of  satellite  pictures,  reconnais- 
sance, and  radar  detection,  the  location  i.>  fairly 
certain,  barring  navigational  errors.  If  detection 
is  made  through  the  analysis,  the  exact  location 
is  more  difficult  to  ascertain  in  the  incipient 
stage  of  the  storm,  especially  when  the  analysis 
is  diffuse.  The  »;xact  location  should  be  decided 
upon  only  after  the  most  intensive  study  of  the  data. 
The  nnaly>t  should  be  prepared  to  revise  his 
decision  in  the  face  of  developments  which  are 
more  conclusive. 

Seismic  aids  have  also  been  used  to  some 
extent  in  detection  of  tropical  cyclones:  how- 
ever, very  little  is  published  on  the  subject. 
Discission  of  ihis  aid  cannot  go  beyond  mention 
that  it  has  been  used. 


Intensitifation 


Only  when  easterlies  extend  vertically  to 
25,000  feet  or  more  at  the  latitude  of  the  vortex 
is  intensification  possible.  This  most  frequently 
occurs  when  the  subtropical  ridge  lies  poleward 
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of  its  normal  position  for  the  season.  Additional 
indicators  are  as  follows: 

1.  Movement  is  less  than  13  knots. 

2.  The  disturbance  is  decelerating  or  moviisg 
at  constant  speed. 

3.  The  system  has  a  northward  component  of 
motion. 

4.  A  migratory  anticyclone  passes  to  the 
north  of  the  storm  center. 

5.  Intensification  occurs  when  the  cyclone 
pas.ses  under  an  upper-level  trough  or  cyclone 
provided  that  there  is  relative  motion  between 
the  two.  There  is  some  indication  that  intensifi- 
cation does  not  take  place  when  the  two  remain 
superimposed. 

6.  Poleward  movment  of  the  cyclone  is  favor- 
able for  intensification,  equatorward  motion  is 
not. 

7.  Intensification  occurs  only  in  areas  where 
the  sea  surface  temperature  is  79^F  or  greater, 
with  a  high  moisture  content  at  all  levels.  (This 
rule  has  not  been  thoroughly  tested.) 

8.  When  long  waves  are  slowly  progressive. 
(Applicable  to  genesis  also.) 

9.  The  trade  inversion  must  be  absent;  con- 
vection deep. 

10.  Other  faccors  being  equal,  deepening  will 
occur  more  rapidly  in  higher  than  in  lower 
latitudes.  (Coriolis  force  is  stronger.) 

I  1,  When  a  storm  moves  over  land,  the  inten- 
sity will  immediately  diminish.  The  expected 
amount  of  decrease  in  wind  speeds  can  be  .30  to 
50  percent  for  storms  with  winds  of  65  knots  or 
more,  and  15  to  30  percent  for  storms  with  less 
than  65  knots,  if  the  terrain  is  flat,  there  is  more 
decrease  in  each  case  if  the  terrain  is  rough. 


Once  an  intense  tropical  cyclone  has  formed, 
th,ere  will  be  further  changes  in  its  intensity  m 
the  course  of  its  motion  within  the  Tropics  and 
during  reeurvature.  The  forecaster  should  con- 
sider these  changes  in  connection  with  the 
predicted  path  of  movement. 

Movement 

Tropical  cyclones  usually  move  with  a  direc- 
tion and  a  speed  which  closely  approximate  the 
tropo,,pheric  current   which  surrounds  them. 
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Chapter  12^TR0P1CAL  ANALYSIS  AND  FORECASTING 


Logically,  therdorc,  charts  of  the  mean  How  of 
tlie  troposphere  should  be  used  as  a  basis  for 
predicting  the  movement  of  tropical  cyclones, 
but  lack  of  observation^  generally  precludes  this 
approach. 

In  the  mean,  there  is  a  tendency  for  tropical 
cyclones  to  follow  a  hyperbolic  or  parabolic 
cur\'e  away  from  the  Equator;  however,  depar- 
tures from  this  type  of  track  are  frequent  and  of 
great  variety. 

Tropical  cyclones  move  toward  the  greatest 
surface  pressure  falls  and  toward  the  area  where 
the  surface  pressure  falls  increase  fastest  with 
time.  Calculation  is  necessary  for  this  rule  to  be 
used. 

Numerous  theories  have  been  advanced  to 
explain  the  cyclone  tracks  of  the  past  and  to 
predict  those  of  the  future.  Obser\*ationa!  data 
have  never  been  sufficient  to  prove  or  disprove 
most  of  ther-  A  few  theoretical  concepts  have 
found  limited  application,  b,.t  for  the  most  part 
the  forecaster  must  rely  upon  empirical  knowl- 
edge and  extrapolation  when  predicting  the 
movement  of  tropical  cyclones.  In  this  section 
are  discussed  some  of  the  current  theories  and 
rules  on  forecasting  these  tracks:  and  one  objec- 
tive method  found  successful  in  a  large  number 
of  cases  is  taken  up  in  detail. 

Tropical  storms  move  under  the  infiuence  and 
are  a  result  of  both  external  and  internal  forces. 
The  external  force  is  due  to  the  air  current  that 
surrounds  the  storms  on  all  sides  and  carries 
them  along.  The  internal  forces  appear  to 
produce  a  tendency  for  a  northward  displace- 
ment of  the  storm  which  probably  is  propor- 
tional to  the  intensity  of  the  storm,  a  westward 
displacement  that  decreases  as  latitude  increases: 
and  a  periodic  oscillation  about  a  mean  track. 

INITIAL    MOVEMENT    OF  INTENSE* 
CYCLONES.  The  movement  of  cyclones  that 
are  undergoing  or  have  just  completed  intensifi- 
cation initially  (about  24  hours)  will  be  as 
follows: 

1.  Storms  developing  in  westward  moving 
wave  troughs  in  the  easterlies  move  toward  the 
west  and  also  with  a  poleward  component  given 
by  an  angle  of  approximately  20^  to  the  right  of 
the  axis  of  the  trough  looking  down-stream.  (See 
fifc.  12-35.) 
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Figure  12-35.— illustration  of  initio  movement  of  tropi- 
cal cyclones  forming  in  a  wave  trough  in  the 
easterlies. 


2.  The  motion  of  storms  developing  from 
preexisting  vortices  can  be  extrapolated  from 
the  track  of  these  vortices. 

3.  Storms  developing  on  the  eastern  edge  of 
polar  troughs  initially  move  up  the  trough  (NW 
toNE. 

4.  Pacific  storms  forming  on  equatorial  shear- 
lines  usually  are  most  active  In  the  southern  and 
southwestern  portions  at  the  start  and  they 
move  slowly  northeast.  After  1  to  2  days,  the 
influence  of  the  trades  becomes  dominant  and 
the  storms  turn  back  toward  a  direction  ranging 
from  west  to  r^'-th.  (This  appears  to  be  true 
mainly  for  cyclones  deepening  near  or  west  of 
130^E.) 

5.  If  a  storm  is  discovered  v/ithout  informa- 
tion as  to  its  past  movement  and  the  upper  air 
current,  it  is  best  to  start  it  along  the  climatolog- 
ical  mean  track  and  then  secure  the  data 
necessary  to  determine  the  steering  current. 

EXTRAPOLATION«""At  present,  the  most 
practical  prognostic  technique  used  by  the  tropi- 
cal meteorologist  consists  of  extrapolating  the 
past  movement  of  the  synoptic  atures  on  his 
chart  into  the  future.  The  past  track  of  a 
cyclone  represents  the  hitegrated  effects  ^f  the 
steering  forces  acting  upon  it.  Accelerations  and 
changes  in  couise  are  the  results  of  the  changes 
in  these  steering  forces.  The  effect  of  these 
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lorjcs  lmii  be  oxjniinccl  and  extrapolated  di- 
rectly from  the  past  position  of  ihe  cyclone. 

BM(MV  applying  tlie  extrapolation  technique, 
ih:  Ibrc.aster  must  attempt  to  smooth  out  the 
minor  irregularities  in  the  past  track.  The  first 
step  in  the  use  of  extrapolation  is  to  determine 
ihe  mean  direction  and  speed  of  the  cyclonic 
center  between  each  two  known  positions.  The 
next  siep  is  to  determine  the  rale  of  change  in 
UlrcLtion  and  speed  between  successive  pairs  of 
Hxcs.  The  forecast  position  thus  determined 
fnni  extrapolation  of  movement  should  be 
NSiiooihcd  out  for  minor  irregularities  and  com- 
pared to  the  applicable  climaiological  tracks  of 
c>cloneN  in  the  area.  If  large  differences  exist, 
the  lorecasi  should  be  completely  reexamined. 
The  climatological  tracks  should  receive  less 
weight  tor  short-term  forecasts  of  6  to  12  hours 
and  more  weight  for  forecasts  in  excels  of  24 
liours- 

\\n  short-term  forecasts  (6  to  12  hours) 
c.xtupoLilion  is  as  reliable  as  any  known  method 
for  luovcinenl. 

STEERING. -The  movement  of  a  tropical 
cyclone  is  determined  to  a  large  extent  by  the 
direction  and  speed  of  the  basic  current  in  which 
it  is  embedded.  This  concept  appears  to  work 
well  a.s  long  as  the  cyclone  remains  small  and 
remains  in  a  deep  broad  current.  By  the  time  a 
tropical  cyclone  has  reached  hurricane  intensity, 
tliese  conditions  seldom  exist.  It  then  becomes 
necessary  to  integrate  the  winds  at  all  levels 
through  which  the  cyclone  extends  and  in  all 
quadrants  of  the  storm  to  determine  the  effec- 
tive steering  current.  Although  the  principle  is 
not  fully  understood  and  has  not  yet  received 
universal  acceptance  as  a  valid  rule,  it  does  have 
practical  applications.  For  example,  changes  in 
winds  at  one  or  more  levels  in  the  area  surround- 
ing the  cyclone  can  sometimes  be  anticipated, 
and  in  .such  case^,  a  qualitative  estimate  of  the 
lesulting  change  in  the  movement  of  the  cyclone 
can  be  made.  Conversely,  when  it  appears  likely 
that  none  of  the  winds  in  the  vicinity  of  the 
cyclone  will  change  appreciably  during  the 
forecast  period,  no  change  in  the  direction  and 
speed  of  movement  should  be  anticipated. 

Further,  this  rule  applies  to  situations  of 
nonrccurvature  and  some  cases  of  recurvature.  It 
is  difficult  to  determine    the  steering  current. 


since  the  observed  winds  represent  the  combined 
effects  of  tiie  basic  current  and  disturbances.  As 
most  storms  extend  into  the  high  troposphere,  it 
is  better  to  calculate  a  "steering  layer"  than  a 
.steering  level,  since  presumably  the  wind 
throughout  most  of  the  troposphere  inlluences 
the  storm  movement.  One  writer  recommends 
an  integration  of  the  mean  flow  between  the 
surface  and  300  millibars,  over  a  band  8^  in 
latitude  centered  over  the  storm.  Another  writer 
indicates  that  for  moderate  and  intense  storms 
the  best  hurricane  steering  winds  would  be 
found  in  the  layer  between  500  and  200 
millibars  and  averaged  over  a  ring  extending 
I'rom  2^  to  5^  latitude  from  the  storm  center. 

Other  practical  applications  of  the  steering 
concept  to  short-range  tropical  cyclone  motion 
use  differing  approaches  in  attempting  to  meas- 
ure the  basic  current.  One  is  by  streamline 
analysis  of  successive  levelf^.  to  find  a  height  at 
which  the  vortical  circulation  diminishes  to  a 
point  such  that  the  winds  are  supposedly  repre- 
sentative of  the  undisturbed  flow.  Another 
method  is  to  take  vector  averages  of  reconnais- 
sance winds  near  the  zone  of  strongest  winds  in 
the  storm. 

1.  Use  of  Observed  Winds  Aloft  for  Steering. 
When  sufficient  data  are  available,  it  has  been 
found  that  the  use  of  streamline  analysis  of 
successive  levels  usually  gives  valuable  indica- 
tions of  tropical  storm  movement  for  as  much  as 
24  hours  in  advance.  However,  since  wind 
observations  are  usually  scarce  in  the  vicinity  of 
a  hun'icane,  their  analysis  is  necessarily  rather 
subjective.  Some  forecasters  claim  dependable 
results  in  using  this  concept  when  data  were 
available  to  high  levels  near  the  storm.  The 
technique  is  not  based  on  the  assumption  that 
wind  at  any  single  level  is  responsible  for 
steering  the  storm,  since  the  forces  controlling 
movement  are  active  through  a  deep  layer  of  the 
atmosphere.  However,  as  successive  levels  are 
analyzed,  a  level  is  found  at  which  the  closed 
cyclonic  circulation  of  the  storm  virtually  dis- 
appears. This  STEERING  level  coincides  with 
the  top  of  the  warm  vortex  and  varies  in  height 
with  different  stages  and  intensities  of  the 
storm.  It  may  be  located  as  low  as  20,000  feet 
or  in  the  case  of  a  large  mature  storm  as  high  as 
50,000  feet. 
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It  hab  been  founil  in  analysis  that  most  weight 
should  be  given  to  the  winds  in  advance  of  the 
storm  within  a  radius  of  200  to  300  miles  in 
preference  to  those  in  the  rear  quadrants.  Th^. 
hurricane  generally  moves  with  a  speed  of  60  to 
80  percent  of  the  current  at  the  steering  level. 

The  direction  of  movement  is  not  always 
exactly  parallel  to  the  steenng  current,  but  has  a 
component  toward  high  pressure  which  varies 
inversely  with  the  speed  of  the  current,  ranging 
from  almost  0^  with  rapid  movcincnt  to  as  much 
as  20^  with  speeds  under  20  knots.  In  westward 
moving  storms,  a  component  of  motion  toward 
high  pre.ssure  could  result  from  the  poleward 
acceleration  arising  froiii  tlic  variation  of  the 
Coriolis  parameter  across  the  width  of  the 
scorm^  This  would  indicate-  chat,  to  the  extent  that 
this  effect  accounts  lor  the  component  of 
motion  toward  high  pressure,  northward  mo\ing 
storms  would  Tit  the  direction  of  the  steering 
current  more  closely  than  westward  moving 
ones.  The  tendency  for  poleward  drift  would  be 
added  to  the  speed  of  forward  motion  in  case  of 
a  northward  moving  storm  so  thai  it  would 
approach  more  closely  the  speed  of  the  steering 
current.  Empirical  evidence  supports  thi.s  h>p«- 
rhesis. 

Corrections  for  both  direction  and  nuc  of 
movement  should  be  made  when  this  is  indi- 
cated by  the  windllow  downstream  in  the  region 
into  which  the  storm  will  be  moving.  For 
prediction  beyond  .several  hour.s,  changes  in  the 
flow  pattern  for  a  con.siderablc  distance  from 
the  storm  must  be  anticipated.  H  should  also  be 
reukembered  that  mlensilKation  or  decay  of  a 
storm  may  call  for  use  of  a  higher  or  lower  level, 
respectively,  to  estimate  the  future  steering 
current. 

2.  Thermal  Steering.  A  number  of  efforts 
have  been  made  to  correlate  hurricane  move- 
ment with  thermal  pattern.s.  Tor  example, 
Simpson  suggests  that  a  storm  will  move  along 
tongues  of  warm  air  in  the  layer  from  700  to 
500  millibars  that  often  extend  1.000  miles 
ahead  of  the  storm.  The  orientation  of  the  axis 
of  the  tongue  then  may  be  regarded  as  a  reliable 
indicator  of  storm  movement  for  the  next  24 
hours.  A  considerable  difficulty  in  applying  this 
technique  is  created  by  the  fact  that  the  warm 
tongue  sometimes  has  more  than  one  branch  and 
it  is  questionable  as  to  which  is  the  major  axi.. 


An  example  of  Simpson's  method  of  warm 
tongue  .steering  method  can  be  found  in  the  U.S. 
Department  of  Commerce,  Forecasting  Guide 
No.  3,  Hurricane  Forecasting. 

Rccurvature 

One  of  the  fundamental  problems  of  forecast- 
ing the  movement  of  tropical  cyclones  is  that  of 
rccurvature.  Will  the  cyclone  move  along  a 
relatively  straight  line  until  it  dissipates,  or  will 
it  follow  a  track  which  curves  poleward  and 
eastward?  When  rccurvature  is  expected,  the 
forecaster  must  next  decide  where  and  when  it 
will  take  place.  Then,  he  is  faced  with  the 
problem  of  forecasting  the  radius  of  the  curved 
track.  Fven  after  the  cyclone  has  begun  to 
recurve,  there  are  i»  great  variety  of  paths  that  it 
may  take.  At  any  point,  it  may  change  course 
sharply. 

TIic  most  common  rccurvature  situation  arises 
when  an  extratropical  trough  approaches  a 
storm  from  the  west  or  when  the  storm  moves 
west  to  northwest  toward  a  stationary  or  slowly 
moving  trough.  Some  of  the  indicators  on 
po,s,sible  rccurvature  are  as  follows: 

1.  if  the  base  of  the  polar  westerlies  lowers 
I  to  15,000  to  20,000  feet)  west  of  the  storm  at 
it.s  latitude  and  remains  in  this  po.sition,  rccurva- 
ture may  then  be  expected  to  occur. 

2.  However,  if  there  is  the  building  of  a 
dynamic  high  or  an  eastward  movement  of  this 
high  to  the  rear  of  the  advancing  trough,  and  the 
westerlies  dissipate  in  the  low  latitudes,  the 
storm  will  move  past  the  trough  to  its  south  and 
continue  its  westward  path. 

3,  Rule  2  also  holds  true  in  cases  where  the 
polar  trough  moves  from  the  west  against  a 
blocking  high.  The  higher  latitude  portion  of  the 
trough  continues  to  move  eastward  while  the 
southern  segment  of  the  trough  is  retarded  and 
is  no  longer  connected  with  the  upper  portion  of 
the  trough. 

4,  Rccurvature  may  be  expected  when  an 
anchor  trough  is  about  500  miles  west  of  the 
storm  and  when  the  forward  edge  of  the 
westerlies  i.>  from  500  to  700  miles  to  the  west. 
Correlated  with  this  parameter  R.  J.  Shafer 
found  that  a  spot  value  of  the  thickness  betv.  ^en 
850  to  500  m.illibars  7.5  degrees  of  latitude  to 
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the  northwest  ol'  the  storni  wa.s  uiic  of  the  most 
VciUiable  of  all  paninioter.s  on  the  iceunaturc  or 
a.s  an  iiuluation  of  future  iuo\enient  of  Atlantic 
hurrieancs.  ThLs  thiekne.ss  relle^t.s  the  relati\e 
strength  of  eokl  troughs  to  the  west  essential  for 
reeurv'ature.  Low  \alue.s  of  tluckne.s.s  14.000  feet 
(approximately  4.2*^0  incterh)  or  lexs.  ahno.st 
always  indicate  recurvature  and  high  values. 
14.200  feet  (4.330  meters)  or  more,  generally 
indicate  continued  westward  motion. 

5.  The  major  trough  we.st  of  the  storm  (in  the 
w-esteilies)  i.sslowlv  progre.s.sive. 

6  Long  wase.s  are  .stat!unar\  or  .siowl\  pro- 
gressive. 

There  is  a  rapid  .su^^cession  of  minor 
t  rough  .s-  aloft. 

8.  Climatological  n^ean  track  indicates  re- 
curvature  (use  with  caution). 

^)  When  the  neutral  point  at  the  southern 
e.xtrcinily  of  the  trough  in  the  westerlies  nt  the 
500-mb  level  lies  at  or  equatorward  of  the 
latitude  of  the  cyclone,  recurvature  hilo  the 
rough  will  usually  occur,  in  this  situation,  the 
cyclone  would  normally  be  under  the  inlluence 
of  southerly  winds  from  the  upper  iiniits  to  a 
level  well  below  the  500-nib  level  wliiie  ap- 
proaching trough. 

10.  When  the  subtropical  ridge  at  the  500-mb 
level  i.s  broad  -nd  consists  of  large  anticycioae.s. 
recurvature  usually  occurs.  This  case  represents  a 
low  index  situation  in  which  the  cyclone  re- 
mains under  the  inlluence  of  a  single,  large, 
siow-moving  anticyclone  for  a  relatively  long 
time. 

11.  Weat  troughs  between  two  separate  sub- 
tropical high  cells.  Sometimes  the  tropical 
storms  move  northward  through  very  weak 
breaks  in  .subtropical  highs. 

NONRHCURVATURH.  The  following  Ho - 
patterns  are  as.sociated  with  nonrecurvature. 

L  Strong  subtropicul  .intiLVclone  or  ridgj  to 
the  north  of  the  ^itorm  with  the  mean  trougii  in 
Iht  westerlies  iocatt  J  far  to  the  west  of  the 
longitude  of  the  storm.  If  thLs  pattern  develops 
strongly  over  the  weslern  oceans  or  continents,  a 
:>torni  will  generally  be  diiven  inland  and  dissi- 
pate before  it  recurves  into  the  western  end  of 
the  ridge. 

2.  Fhit  (small-amplitude  waves)  westerlies  at 
latitudes  near  or  north  of  the  normal  position.  A 


narrow  subtropi.  .!  ridge  separates  the  westerlies 
from  the  tropical  trough.  In  many  cases  the 
mean  trough  in  the  westerlies  ma\  be  located  at 
the  same  longitude  of  the  storni. 

MOTION  DURING  RliCURVATURb.  The 
following  rules  apply  during  recurvature  only. 

I.  When  the  radius  of  recurvature  of  a  storni 
is  greater  than  300  miles,  it  will  not  decelerate 
and  may  even  accelerate  The  ,storni  will  .slow 
down  if  the  radius  of  recurvature  is  less  than  300 
miles.  In  general  when  the  radius  of  rccurv«Kire 
is  large,  it  is  usually  very  uniform.  A  small  radius 
will  occur  along  a  brief  portion  of  the  track. 
(See  fig.  12-36.) 
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Figure  12*35--(A)  Recurvature  at  a  constant  spcsd; 
(B)  first  dcceleratmg  and  then  accelerating. 

2.  A  large  radius  of  recurvature  is  to  be 
expected  if  the  high  northeast  of  the  tropical 
cyclone  has  a  vertical  axis  (fig.  12-37  (A)).  This 
will  occur  when  long  waves  are  stationary. 

3.  When  the  high  opes  .south  to  southeast 
with  height  (fig.  12-37  (B)).  the  cyclone  is 
transferred  rapidly  from  the  nillucnce  of  upper 
easterlies  to  that  of  the  upper  westerlies  and  the 
track  has  a  short  bend.  This  occurs  when  long 
waves  are  progressive. 

The  following  rules  refer  to  .short  term  (24 
hours  or  less)  forecasting: 
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Figure  12-37.— Surface  flow  pattern  {dashed  line)  and 
300-  to  200-mb  flow  pattern  (solid  lines).  (A) 
Corresponds  to  track  (A)  in  figure  12-37;  (B)  corre- 
sponds to  track  (B)  in  figure  12-37. 

1.  Tropical  cyclones  move  toward  the  area  of 
greatest  surface  fall  (il-  to  24-hoiir  pressure 
change). 

2.  Tropical  cyclones  move  toward  the  area 
where  the  surface  pressure  falls  increase  most 
rapidly  with  time.  For  calculation  3-hourly 
reports  are  necessar>'  Take,  for  example,  the 

24-hoUi  pressure  chanjje  at  1800  and  subtract  it 
from  the  24-tiour  pressure  change  at  1500.  Thib 
gives  the  acceleration  of  pressure  fall.  If  thib 
quantity  is  computed  for  a  network  of  stations 
and  isolines  are  drawn  for  a  suitable  interval,  the 
negative  center  helps  to  pinpoint  the  expected 


cyclope  position.  This  rule  is  especially  helpful 
when  a  storm  is  just  offsnore  to  determine  the 
precise  place  of  entry  for  intervals  of  12  hours 
or  less. 

Changes  in  Intensity  During 
Movement  Out  of  the  Tropics 

During  movement  out  of  the  Tropics  the 
storm  conies  under  influences  different  from 
those  in  its  birthplace  and  tropical  path.  The 
following  rules  and  observations  can  be  helpful 
in  forecasting  the  storm's  changes  in  intensity. 

1.  A  storm  drifting  slowly  northward  with 
slight  east  or  west  component  wiil  preserve  its 
tropical  characteristics. 

2.  Storms  moving  northward  into  a  frontal 
area  or  area  of  strong  temperature  gradients 
usuaiiy  become  exiratropical  storms.  In  this  case 
the  concentrated  center  dies  out  rapidly  while 
the  area  of  gale  winds  and  precipitation  expands. 
The  closed  circulation  aloft  gives  way  to  a  wave 
pattern  and  the  storm  accelerates  to  the  nprtli- 
east. 

3.  If  the  tropical  cyclone  recur\'cs  into  a 
trough  containing  a  deep  slowly  moving  surface 
low,  it  normally  will  overtake  this  low  and 
combins  with  it.  Temporary  intensification  nsay 
result. 

4.  If  the  tropical  cyclone  recurves  into  a 
trough  containing  n  uppc  cold  core  low,  it 
appears  to  move  into  the  upper  low  in  most 
cases. 

Short-Range  Prediction 
by  Objective  Techniques 

As  in  all  so-called  objective  technique,  no  ore 
method  will  serve  to  produce  an  accurate  fore- 
cast for  all  tropical  storms  or  extra  tropical 
systems.  In  the  following  section  several  tech- 
niques which  have  been  developed  in  recent 
years  are  discussed,  it  should  be  mentioned  that 
the  objective  technique  should  not  be  con- 
sidered as  the  ultimate  forecast  and  that  all 
other  rules,  empirical  rcKitionshipb,  and  s^tioptiL 
indications  should  be  integrated  into  th.  final 
forecast.  Wholly  inaccurate  forecasts  ma>  result 
if  the  objective  method  ^vere  the  wnl^  one 
considered  in  making  the  forecast. 
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STATISTICAL  Ml.TIIODS.  One  of  ihc  most 
prominent  and  \vulcl>  usal  of  these  nictliodb 
was  de\L\l  by  Vcigas-.x^»ller  to  preciiLt  the 
24-hour  displacement  of  hurricanes  based  pn- 
mariU  on  ihe  latest  .sea  level  pressure  distiibu- 
tion.  Sea  level  pressures  were  u.scd  rather  than 
upper  air  data  due  primarily  to  the  longer 
available  record  of  sea  level  data  tuid  also 
because  of  llie  advantage  of  denser  areas  and 
time  coverage  and  more  rapid  availability  of  tlic 
data  after  observation  time.  In  addition  to  the 
sea  level  pressure  field  this  method  also  incorpo- 
rates the  past  24-hour  motion  of  the  storm  and 
cliniatological  aspects  of  the  storm. 

Pressure  values  are  read  from  predetermined 
points  located  at  intersections  of  latitude  and 
longitude  lines  with  values  divisible  by  5.  Two 
different  sets  of  equations  are  used  one  set  for  a 
northerly  /.one  (between  latitudes  27.6^  and 
40.0''N  and  longitudes  from  65 .0"*  to  lOO.O'^W). 
The  southerly  zone  encompasses  the  same 
longitudes  as  the  northerly  ^one.  but  the  alti- 
tudes are  for  17.5''  and  27.5''N. 

This  method  was  tested  by  Veigas  and  Miller 
on  125  independent  cases,  about  equally 
distributed  between  the  two  zones,  during  the 
years  1924-27  and  1954-56.  The  average  vector 
errors  in  24-hour  forecast  position  were  about 
150  nautical  miles  for  the  northerly  zone  and  95 
nautical  miles  for  the  southerly  zone. 

Recently  the  University  of  Hawaii  has  modi- 
fied this  set  of  equations  so  that  they  will  be 
applicable  in  rhe  Pacific  area.  A  complete  test 
lias  not  been  made  and  at  the  time  of  this 
writing,  the  equations  have  not  been  distributed 
for  operational  use. 

l-ull  details,  with  an  actual  example  of  the 
procedure  for  use  of  this  method,  may  be  found 
in  the  U.S.  Department  of  Connnerce,  Forecast- 
ing Guide  No.  3.  Hurricane  Forecasting, 

3  0  - 1 1 0  U  R  MOV  IM  hNT  O  F  CI^  RTA 1 N 
ATLANTIC  IIURRKANLS. -R.J.  Shafer  has 
develc/ped  an  objective  method  for  determining 
the  3C  hour  movement  of  hurricanes  by  u.se  of 
sea  l^vci  data  over  the  ocean  arc\r  and  upper  air 
data  over  land  area.  Motion  is  described  in  two 
components-  /.on^^  and  meridional.  Westerly 
niotijn  is  determined  bj  considoMtion  of  the 
component  of  the  sea  lev»,!  pre  aire  gradient 
surrounding  the  hurricane  and  is  o  posed  graphi- 
cally l^y  the  mean  temperature  neld  between 


850  and  500  millibars.  The  cuir^'lation  of  these 
parameters  is  modified  b>  e.xtfapolalion  and  the 
geographic  locations.  Meiidional  motion  is  MUii- 
larl>  predicted  b>  sea  level  and  thickness  param- 
eters moditled  b>  extrapolation.  The  meiidiunal 
and  zonal  computations  are  then  combnied  mto 
the  final  30-liour  forecast. 

In  a  test  of  dependent  and  independent  dala 
it  was  found  that  some  85  percent  of  the  storms 
predicted  in  the  31  sample  cases  fell  within  2^  of 
the  predicted  position. 

The  coniplet:  details  of  this  method  can  be 
found  in  GRD  Scientific  Report  No.  1,  Contract 
No.  ^F1 9(604 )-2073,  Further  Studie..  in  the 
Development  of  Sliort-Range  Weather  Prediction 
Techniques,  April  1958. 

MOVEMENT  OF  TYPHOONS. --Gnlfilh 
Wang  of  the  Civil  Ai.  Transport  Service,  Taiwan, 
developed  a  method  for  objectively  predicting 
the  movenicnt  of  typhoons  in  the  western 
Pacific.  The  method  is  titled  ''A  Method  in 
Regression  Equations  for  Forecasting  the  Move- 
ment of  Typhoons.''  Th.e  equation  utilizes 
700-mb  data  and  is  based  on  the  following 
criteria: 

1.  The  700-mb  contour  height  and  its  tend- 
ency 10^  lat  north  of  the  typhoon  center. 

2.  The  700-mb  contour  height  and  tendency 
10^  lat  from  the  typhoon  center  and  90^  to  the 
right  of  its  path  of  motion. 

3.  The  700-mb  contour  height  and  its  tend- 
ency 10^  lat  from  the  typhoon  center  and  90^ 
to  the  left  of  its  path  of  motion. 

4.  The  intensity  and  the  orientation  of  the 
major  a^xis  of  the  subtropical  anticyclone  which 
steers  the  move  nent  of  the  typhoon. 

Percentage  of  frequency  of  direction  of  move- 
ment and  speed  tables  are  provided  ior  a  rough 
first  approximation  of  the  movement  of  the 
typhoon. 

This  metliod,  as  well  as  all  other  methods 
based  on  a  single  chart,  is  dependent  upon  a 
good  network  of  reports  and  a  good  analysis.  A 
full  test  of  the  value  of  this  method  has  not  l)een 
made,  but  in  limited  dependent  and  independent 
data  ca.ses  tested  it  appears  to  have  a  good 
veriiis^aiion  and  provides  aiiotlici  useful  tool  m 
the  integrated  forecast. 
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Full  Jelails  on  the  pruceikiic  aiul  application 
of  this  method  can  be  Found  in  the  Bulletin  of 
the  American  Meteorolouical  Societv,  VoL  41, 
No.  3.  March  I960. 

USh  OF  THh  GLOSTROPMIC  WIND  FOR 
STIiliRINC;.  The  expansion  of  the  aircraft  re- 
connaissance reports  have  made  it  practical  to 
carry  out  more  detailed  analyses  of  constant 
pressure  surface  over  the  tropical  storm  belt  and 
make  use  of  a  forecast  based  on  geostrophic 
components  at  that  Ic-el.  This  techni.|ue.  devel- 
oped by  f<iehL  Haggard,  and  Sanborn,  and 
issued  as  an  NA  publication  (Objective  Predic- 
tion of  24-1  lour  Tropical  Cyclone  Movement) 
utilizes  this  steering  concept.  The  technique 
makes  use  of  500-mb  height  averages  alongside 
of  a  rectangular  grid  appro.ximately  centered  on 
the  storm.  The  grid  is  15^  long.,  centered  at  the 
initial  longitude  of  the  storm  and  between  10^ 
and  15^  lai  with  the  southern  end  fixed  at  a 
distance  of  5^  lat  south  of  the  latitude  of  the 
storm  center.  The  more  northward  t*xtension  of 
the  grid  is  used  for  storms  found  to  be  moving 
more  rapidly  northw^ard.  The  relatively  small 
size  of  the  grid  indicates  tiiai  tropical  cyclone 
motion  for  24  hours  is  determined  to  a  great 
extent  by  circulation  features  closely  bordering 
tile  storm,  and  that  only  the  average  features 
outside  thlN  area  will  not  greatly  affect  its 
mo\enicnt  wUhin  the  time  mtenal.  This  method 
is  discussed  in  detad  later  in  this  chapter.  The 
500-mb  chart  is  the  basic  ciiart  for  computa- 
tions. 

Another  method  which  uses  ihe  steering 
concept  A  (\)inpariNon  of  I  kirricane  Steering 
Levels  by  B,  I.  Miller  and  P.  L.  Moore  of  the 


United  States  Weather  Bureau  Hurricane  Fore- 
casting Service.  In  their  study  it  was  found  that 
the  standard  rule  for  steering  tropical  cyclones 
(the  movement  of  the  stOriii  from  about  10^  to 
20^  to  the  nght  of  the  current  fiowing  over  the 
top  of  the  core)  was  only  reliable  prior  to 
recurvature  and  that  storms  after  recurvature 
frequently  move  to  the  left  of  the  steering 
current.  Operating  on  the  premise  that  the 
motion  of  the  tropical  storm  is  not  governed  by 
forces  acting  at  any  one  level,  their  study 
encompasses  three  levels,  the  700-,  500-,  and 
;300-iiib  levels.  They  found  that  the  700-  and 
500-iiib  charts  were  about  equal  in  forecasting 
hurricane  motion.  In  the  final  analysis,  the 
700-iiib  level  was  selected  and  combined  with 
the  previous  I  2-hour  motion  of  the  storm.  F^roni 
their  study  a  slightly  better  verification  of 
predicted  tracks  of  hurricanes  resulted  than 
from  use  of  sea  level  (statistical  method)  or  the 
500-111  b  chart  alone. 

The  basic  grid  is  essentially  the  same  as  that 
used  in  the  500-nib  method  except  that  gradi- 
ents were  computed  at  intervals  of  2.5^  lat 
instead  of  5^.  The  previous  I  2-hour  motion  was 
also  incorporated  into  the  forecast. 

This  method  was  tested  on  23  forecasts 
during  the  1958  hurricane  season.  The  average 
error  was  95  nautical  miles  for  the  24-hour 
forecast  and  ranged  from  15  nautical  miles  to 
I  70  nautical  miles. 

A  further  explanation  of  the  method  and  its 
procedure  for  application  may  be  found  in  the 
Bulletin  of  the  American  Meteorological  Soci- 
ety. Vol.  4  L  No.  2,  February  I960. 
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CHAPTER  13 

WEATHER  BRIEFING  AND  FLIGHT  FORECASTING 


A^  an  Acrogrdplier's  Male  First  Class  or  Chief, 
one  ot  youi  prin^^ipal  duties  will  be  to  prepare 
aiKl  give  weather  briefings  of  all  types.  There  are 
many  variations  of  the  types  of  briefings  re- 
tiuiretl  of  >ou.  The>  range  from  the  individual 
pilot  weather  briefing  to  the  more  complex  and 
detailed  command  and  staff  briefings.  Normally, 
the  latter  type  uf  briefing  would  be  presented  by 
the  Meteorological  Officer,  but  in  his  absence  or 
by  direction,  you  may  be  required  to  perform 
this  type  briefing.  In  the  first  section  of  this 
chapter,  general  practices,  insofar  as  ihz  varied 
types  of  briefings  you  will  be  called  upon  to 
make,  are  presented  for  background  informa- 
tion. In  later  sections  of  this  chapter  more 
specific  requirements  for  briefings  are  given. 

PRINCIPLES  OF  WEATHER  BRIEFING 

PURPOSE  OF  BRIEFING 

A  weather  briefing  is  the  presentation  of 
weather  information  in  a  concise,  clear,  and 
orderly  form  to  those  personnel  planning,  con- 
trolling, or  participating  in  military  operations. 
The  briefing,  no  matter  which  of  the  many 
forms  it  takes,  is  conducted  to  insure  that 
planning,  supervising,  and  operating  pcisonne; 
receive  and  understand  the  best  available 
weather  information,  so  as  to  permit  these 
personnel  to  properly  evaluate  and  utilize  the 
effect  of  weather  factors  on  projected  opera- 
tions. 

To  be  of  maximum  value  to  using  personnel, 
the  first  principle  of  successful  weather  briefing 
IS  to  insure  that  the  weather  information  given  * 
tailored  to  meet  the  requirem.ents  of  those  usin,? 
personnel.  The  forecaster  should  take  the  initia- 


tive in  ascertaining  the  requirements  of  his  users. 
Secondly,  to  be  of  maximum  utility  in  planning 
or  carrying  out  operations,  the  weather  infor- 
mation presented  should  be  evaluated  for  poten- 
tial accuracy.  For  example,  weather  forecasts  for 
the  continental  United  States  can  usually  be 
expected  to  verify  with  reasonable  accuracy,  due 
to  the  excellent  network  of  observation  stations 
and  comm.unications  facilities.  The  accuracy  of 
forecasts  for  areas  where  data  are  sparse  and 
communications  unreliable  would  normally  be 
expected  to  be  somewhat  less.  Using  agencies 
should  be  apprised  of  the  limitations  which  such 
conditions  sometimes  impose  upon  the  accuracy 
of  the  forecasts  in  order  that  plans  may  be 
adjusted  to  minimize  the  effect  of  an  inaccurate 
forecast  upon  such  operations.  Indicating  the 
degree  of  confidence  in  a  forecast  is  usually 
permissible  and  should  not  be  considered  as 
''hedging.''  The  intent  of  such  a  confidence 
factor  is  to  provide  the  using  agency  with  the 
^^^est  information  available. 

PRESENTATION 

A  weather  briefing  may  be,  in  many  cases,  the 
basic  information  which  determines  whether  a 
mission  or  a  large-scale  operation  is  executed  as 
planned,  postponed,  altered,  or  canceled.  The 
manner  in  which  the  weather  information  is 
pnisented  is  considered  to  be  of  equal  impor- 
tance with  the  material  contained  in  the  brief- 
ing. 

The  forecaster  should  understand  that  the 
information  he  presents  will  assist  the  using 
agency  in  clearly  determining  the  effect  of  the 
weather  on  projected  operations.  He  is  the 
auihority  on  an  extremely  important  element 


470 


Chapter  1 3-- WEATHER  BRIEFING  AND  FLIGHT  FORECASTING 


affecting  the  operation,  and  therefore  he  should 
be  confident,  convincnig,  and  positive.  He  must 
present  the  briefing  so  that  it  is  clearly  heard 
and  easily  understood. 

Effective  weather  briefing  is  an  art.  It  requires 
alertness,  poise,  and  judgment  on  the  part  of  the 
briefer.  Whether  th^  information  he  presents  is 
in  oral,  written,  or  pictorial  form,  he  must  be 
able  to  think  on  his  feet  and  come  up  with 
precise  factual  answers  to  questions  which  may 
at  times  be  difficult  or  even  embarrassing.  He 
should  avoid  verbal  ambiguities,  vagueness,  or 
misplaced  emphasis  which  could  easily  convey  a 
mental  picture  of  weather  completely  different 
from  the  one  intended. 

Some  helpful  briefing  hints  are  listed  below. 

1.  Strive  for  force  and  enthusiasm.  Show  that 
you  are  interested  in  the  problem  at  hand  and  its 
correct  solution.  Remember  that  all  weather 
briefings  are  important. 

2.  Practice  the  briefing  beforehand,  (when 
possible),  from  opening  statement  to  conclusion, 
and  insure  that  it  is  an  orderly  presentation. 

3.  Avoid  technical  meteorological  terms.  For 
example,  use  the  word  **high"  instead  of  '*anti- 
cyclone." 

4.  Avoid  ambiguous  and  vague  phraseology. 
The  terms  "about,"  "probably,"  "I  think,"  etc., 
convey  no  useful  information  and  can  easily 
create  an  impression  of  hedging. 

5.  '  Make  the  entire  briefing  a  running  narra- 
tive, and  interpret  the  weather  information  in 
terms  applicable  to  the  operation.  The  briefing 
forecaster  does  not  make  operational  decisions, 
but  presents  an  accurate  and  complete  descrip- 
tion of  the  weather  to  be  encountered. 

6.  Discuss  only  the  important  or  essential 
details  of  the  weather.  Keep  the  briefing  as 
simple  as  possible. 

7.  Present  the  briefing  in  the  second  person. 
The  mat",rial  is  being  presented  for  and  to  the 
audience  and  is  not  a  mere  recitation  of  a 
meteorological  situation  or  a  map  discussion. 

8.  Never  apologize  for  any  part  of  the 
weather  presentation.  You  have  presented  the 
best  available  information.  If  your  confidence  in 
the  information  is  limited,  you  may  state  so. 

9.  Finish  forcefully,  with  a  definite  closing 
statement.  Always  ask  questions,  as  further 
clarification  may  be  required. 


The  hints  given  are  merely  restatements  of  the 
principles  of  good  public  speaking.  Of  course, 
not  every  briefing  situation  will  necessarily 
employ  all  of  these  hints.  However,  you  should 
remember  that  no  matter  what  type  briefing  you 
are  giving,  the  material  you  are  presenting 
should  be  heard  and  understood. 

VISUAL  AIDS 

Visual  aids,  as  used  in  weather  briefings,  are 
pictorial  and  graphical  representations  used  to 
portray  the  information  imparted  orally  by  the 
briefing  forecaster.  Juct  as  the  oral  portion  of 
the  briefing  must  be  heard,  the  visual  aids  must 
be  seen.  The  size  of  the  pictorial  representation 
depends  upon  the  farthest  distance  the  person 
receiving  the  briefing  is  seated.  Color  is  a 
valuable  aid.  Shades  of  the  primary  colors 
contrast  best  with  shades  of  another  primary 
color.  Light  shades  of  colors  should  be  avoided. 
You  do  not  necessarily  need  artistic  talent  for 
producing  effective  briefing  charts.  If  the  chart 
neatly  and  accurately  depicts  the  information, 
and  the  datum  is  legible,  it  will  be  satisfactory. 
The  primary  purpose  of  the  visual  aid  is  to 
enhance  understanding.  Accuracy  should  never 
be  sacrificed  for  artistry. 

Materials  and  Equipment 

The  drawing  mediiun  which  gives  the  greatest 
brilliance  and  contrast  between  colors  is  pre- 
ferred. The  choii.e  of  drawing  media  is  limited 
by  the  material  on  which  the  illustration  is 
made.  Illustrations  prepared  on  small  cards  for 
projection  on  a  screen  require  the  use  of  colored 
pencils  or  inks  of  the  conventional  type  used  in 
map  analysis. 

The  briefer  should  have  a  basic  familiarity 
with  ordinary  projection  devices  such  as  the 
transparent  projector,  the  opaque  projector, 
and/or  slide  projectors,  when  appropriate.  The 
briefer  should  also  know  the  capabililies  and 
limitations  of  the  devices  used  locally. 

Types  of  Visual  Aids 

Facilities  available  to  the  weather  office  and 
the  requirements  an  '  prefciences  of  the  using 
personnel   determin     which   of  the  various 
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methods  of  visualizing  the  weather  nia>  be  used 
most  advantageously.  In  brietiug  an  individual 
pilot,  the  station-drawn  charts,  or  facsimile 
charts  received  by  the  station,  are  normally 
adequate,  for  larger  briefings,  a  number  of  other 
methods  may  be  employed. 

OPAQUE  PROJECTION.  Charts  and  cross 
sections  may  be  drawn  on  suitable  paper  and 
projected  by  use  of  a  projector  fitted  with  a 
mirror  and  lens  arrangement  for  screening 
opaque  materials.  For  recurring  missions,  such 
paper  may  be  overprinted  with  the  terrain 
features.  Opaque  projection  requires  a  fully 
darkened  room  in  order  to  show  details  and 
coloring  satisfactorily. 

TRANSPARENT  PROJECTION.- 
Transparent  projection  may  be  in  the  form  of 
slides,  either  locally  constructed  or  ones  pre- 
pared by  some  other  source.  Transparent  over- 
lays with  the  use  of  the  overhead  projector  lend 
themselves  more  readily  to  locally  prepared 
visual  aids.  A  transparent  overlay  of  plastic  can 
be  mounted  over  a  base  map  or  enlarged  cro^s 
:>ection  blanks.  A  weather  picture  drawn  on  the 
transparent  plastic  with  a  china  marking  pencil 
can  be  erased  with  a  soft  cloth.  When  the 
number  of  personnel  briefed  is  small,  acetate 
with  a  frosted  surface  may  be  used  to  prevent 
glare.  However,  marks  and  shadings  put  on  with 
oily  crayons  cannot  be  removed  from  the 
frosted  surface  easily.  For  command  and  staff 
briefings  where  preparation  time  is  not  of  the 
essence,  effective  presentation  can  be  made  by 
p  'inting  on  glass  plates.  Topography  and  lines 
designating  height  and  altitude  can  be  drawn 
permanently  on  the  glass.  If  the  background  is 
covered  with  blue,  an  illusion  of  depth  and  a 
maxniiuni  contrast  with  white  ckuds  is  ob- 
tained. 

ENLARGED  MOUNTED  CHARTS.- 
Enlarged,  expendable  type  charts  are  the  most 
desirable  for  briefing  large  groups,  if  time  and 
iiiaterials  are  available.  Advantages  of  this  type 
ci\irt  are  that  the  room  need  not  be  daikened, 
charts  can  be  of  any  desired  size,  and  colors 
usuall>  contrast  more  sharply  thaji  on  projected 
or  overlay  type  charts. 

THREE  DIMENSIONAL  CROSS  SECTION. 
For  command  and  staff  briefings,  a  three- 
dimensional  mount  may  be  prepared.  This  de- 
vice usually  pictures  the  surface  prognostic  chart 


with  parallel  cross  sections  mounted  vertically 
on  it  to  represent  the  weather  in  natural 
perspective. 

Whatever  method  is  used  for  briefings,  other 
than  for  individual  pilots,  they  should  be  care- 
fully considered  in  relation  to  the  type  of 
briefing  and  the  maximum  benefit  of  the  using 
personnel. 

Preparation  of  Charts 

The  information  to  be  displayed  on  briefing 
charts  varies  with  the  type  of  mission.  This 
section  should  be  used  as  a  basic  guide,  bearing 
in  mind  that  each  situation  must  be  resolved  in 
terms  of  the  information  desired,  the  materials 
available,  and  the  limitations  of  the  briefing. 

PROGNOSTIC  CHARTS.-The  following 
should  be  used  as  a  guide  for  the  briefer  in 
preparing  prognostic  charts.  The  area  shown 
should  be  large  enough  to  represent  the  general 
weather  picture  pertinent  to  the  operation. 
Boundaries  between  land  and  water  areas  may 
be  shaded  lightly  in  blue  on  the  water  side  and 
in  brown  on  the  land  side.  Entire  land  and  water 
areas  may  be  shaded  as  desirable.  All  printing 
should  be  in  black.  The  date  and  time  should  be 
indicated  in  the  lower  margin  and  should  be  in 
the  same  time  zone  as  used  m  the  briefing.  A 
solid  brown  line  with  arrowheads  showing  direc- 
tion should  be  used  to  indicate  the  planned 
route.  For  convenience  and  clarity,  the  route 
may  be  divided  into  zones.  When  used,  each 
zone  should  be  numbered.  Fronts  and  precipita- 
tion areas  should  be  shaded,  using  the  conven- 
tional symbols,  a  sufficient  number  of  isobars 
should  be  drawn  to  show  relative  intensity  and 
distribution  of  pressure  systems.  They  should  be 
drawn  as  solid  black  lines.  Areas  of  blowing 
dust,  fog,  haze,  smoke,  and  similar  restrictions 
to  visibility  should  be  shaded  lightly  in  red. 
Yellow  will  not  ordinarily  register  visually.  The 
surface  flow  pattern  may  be  indicated  with  blue 
arrows  to  denote  the  movement  of  cold  air  and 
with  red  arrows  to  show  the  movement  of  warm 
air.  Pressure  systems  should  be  labeled  in  accord- 
ance with  conventional  methods.  Cloud 
amounts,  the  cloud  types,  and  the  heights  of 
bases  and  tops  above  MSL  may  be  printed  on 
the  chart  in  pertinent  areas.  Shading  or  stippling 
may  be  used  to  indicate  cloud  areas.  Weather 
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hazards  such  as  thunderstorms,  showers,  turbu- 
lence, and  icing  should  be  indicated  by  over- 
printing the  appropriate  symbol  in  the  pertinent 
area.  Projected  movements  of  fronts  may  also  be 
shown.  For  prognostic  charts  used  in  phinned 
briefings,  additional  details  may  be  added  and 
some  of  those  listed  above  eliminated. 

HORIZONTAL  WEATHER  DEPICTION 
CHARTS. -These  charts  are  included  whenever 
the  Flight  Weather  Packet  is  requested.  They  are 
di,scusscd  in  detail  later  in  the  chapter. 

OPTIONAL  CHARTS. -Occasionally,  charts 
other  than  those  listed  previously  are  necessary 
to  complete  the  visual  aids  required  to  insure  a 
satisfactory  briefing.  One  such  chart  is  a  cloud 
distribution  and  visibility  chart.  On  these  charts 
certain  criteria  for  the  type  of  mission  to  be 
briefed  are  selected  (for  example  5/10  cloud  for 
one  type  of  bombing  mission  is  critical),  and 
these  ;ireas  analy/.ed  and  indicated  by  colors, 
stippling,  shading,  and  outlining  the  areas  as 
desirable.  Other  weather  elements  may  also  be 
indicated.  Climatological  briefing  charts  may 
also  be  used  as  aids  and  guides  for  constructing 
similar  briefing  aids  for  oiUiir  areas. 

TYPES  OF  BRIEFINGS 

Briefings  may  encompass  a  very  wide  range, 
both  as  to  content  and  scope,  from  briefing  an 
individual  pilot  for  a  short  fiight  to  more 
elaborate  briefings  conducted  for  a  high  ranking 
naval  officer  and  his  staff  for  aii  operation 
scheduled  many  weeks  hence.  Between  the 
extremes  there  are  as  many  types  of  weather 
briefings  as  there  are  varieties  of  military  opera- 
tions. Listed  below  are  general  guidelines  for 
some  of  the  briefing  types.  More  specific  infor- 
mation is  listed  later  in  the  chapter. 

Ordinary  Weather  Station 
Briefing  for  Individual  Pilots 

This  is  by  far  the  most  common  type  of 
briefing  provided  by  the  average  weather  fore- 
caster. A  duty  forecaster  may  perform  this  type 
of  briefing  from  300  to  900  times  a  month  at 
the  average  weather  station. 

The  weather  briefing  should  begin  as  soon  as 
the  pilot  states  his  destination  and  route.  The 
forecaster  should  keep  up  to  date  on  current 


weather  on  routes  commonly  fiowii  from  his 
station,  in  order  that  the  briefing  may  be 
conducted  quickly,  concisely,  and  without  ex- 
cessive delay  in  checking  curreia  conditions. 
Particularly  for  scheduled  fiights,  this  system 
will  prove  of  value.  Existing  and  forecast 
weather  along  the  route  and  at  the  destination, 
and  alternates  if  required,  should  be  described 
orally  in  order  to  aid  the  pilot  in  making  his 
night  plan.  This  requires  in  some  degree  the  use 
of  many,  if  not  all,  of  the  following  aids:  The 
latest  surface  synoptic  charts,  latest  surface 
prognostic  chart,  latest  upper  air  analy.ses  at 
applicable  levels  along  with  the  progs  at  these 
levels,  route  cross  sections  which  are  kept 
current,  teletype  data  for  latest  hourly  se- 
quences, terminal  forecasts,  pilot  reports,  radai 
reports,  and  any  other  information  deemed  of 
value.  Of  course,  jet  aircraft  briefing  requn'es 
data  at  higher  altitudes  plus  Jetstream  and 
contrail  data.  Overseas  stations  frequently  die 
called  upon  to  forecast  **D"  values. 

Group  Briefings 

Group  briefings  as  used  in  this  section  are 
those  briefings  given  to  a  number  of  pilots  or 
aircrews  as  a  group,  preparatory  to  a  fiight.  The 
fiight  may  be  a  combat  mission,  a  ferry  Oight, 
transport,  or  training  fiight.  For  simphfii^ation, 
group  briefings  may  be  broken  down  into  two 
types  cross-country  fiights,  which  include 
usual  ferry,  transport  or  training  fiights,  and 
operational  briefings,  which  include  various 
types  of  combat  or  combat  training  missions. 

CROSS-COUNTRY  BRIEFINGS.-In  general, 
the  content  of  such  briefings  .should  be  as 
follows: 

1.  Forecast  Weather.  A  brief  discussion  of  the 
prognostic  chart  should  open  the  briefing.  This 
discussion  should  be  simple  and  brief. 

2.  Route  Weather.  After  the  general  weather 
discussion,  weather  that  will  be  encountered  by 
the  aircrews  during  the  fiiglit  should  be  pre- 
sented. It  should  include,  as  part  of  the  oral 
briefing,  takeoff  data  such  as  surface  wind, 
weather,  visibility,  and  variations  expected; 
cloud  conditions  at  base  and  enroute,  also 
including  cloud  bases  beJow  fiight  altitude  with 
data  on  coverage,  types,  bases,  tops  turbulence, 


ERIC 


473 

479 


AI:ROGRAI>IIEirS  MATli  I  &  C 


aiul/or  icing  (usiitill>  given  in  heights  above 
mean  sea  level),  freo/jng  level  and  itiiig  /.ones, 
elinib  wind  (climb  wind  i,s  the  mean  vector  from 
the  surface  to  llight  altitude),  weather  condi- 
tions along  path  to  include  winds  and  tempera- 
tures at  night  altitude,  air-to-air  and  air-to- 
ground  visibility:  a  descending  wind  if 
appiopriate,  cloudiness  at  terminal,  weather  at 
terminal,  and  such  landing  data  with  variations 
such  as  duration  of  local  showers  or  thunder- 
storms. Alternates  should  be  discussed  in  the 
same  manner  as  terminals.  Additional  data  niav 
*be  given,  depending  on  the  type  of  llight,  but 
should  be  integrated  into  the  body  of  the 
briefing  at  the  proper  time  interval. 

For  this  type  of  biietnig  the  minniium  visual 
aids  which  should  be  used  include  an  IVSD  chart 
and  the  latest  Upper  Winds  chart.  When  re- 
quired, a  night  folder  may  be  issued  to  the  crews 
to  include  a  copy  of  the  HWD  chart.  Upper 
Winds  chart,  and  a  written  forecast  with  addi- 
tional information. 

OPERATIONAL  BRILPINGS.  Por  opera- 
tional missions,  certam  data  are  required  de- 
pending on  the  type  of  mission.  Any  or  all  of 
the  following  may  be  necessary-  winds  at  night 
level  and  al  the  surface,  mean  temperature, 
visibility,  both  air-to-air  and  air-to-ground,  alti- 
tude data;  Q  factors:  refractive  index  data: 
altimeter  settings,  and  sky  cover  and  weather  at 
the  destination. 

Command  and  Staff  Briefings 

BrieHiigs  of  this  type  can  be  divided  into  two 
general  classifications  short  range  briefings  in 
which  weather  con.^iiderations  are  presented  as 
they  will  affect  operations  taking  place  m  a  few 
hours  or  a  few  days:  and  long-range  briefings  in 
which  weather  conditions  are  presented  as  they 
will  affect  operations  taking  place  weeks, 
months,  or  even  years  later. 

SHORT-RANGE  PLANNING  BRIEFINGS.- 
Briefings  for  short-range  planning  are  directly 
applicable  to  impending  military  operations,  .aid 
their  content  will  depend  on  the  t>pe  of 
mission.  In  general,  the  following  information 
should  normally  be  included: 

1.  A  review  of  the  past  and  present  synoptic 
situation  with  a  logical  transition  to  weather 


expected  from  prognostic  charts,  including  lows, 
highs,  fronts,  general  weather  in  each  area,  cloud 
covei,  hazards,  turbulence,  icing  and  visibilities. 

2.  Base,  route,  and  target  conditions  as 
shown  on  the  IIWD  chart  to  include  cloud  '^over, 
winds,  weather,  hazards  and  visibility. 

In  presenting  this  type  of  briefing  the  synop- 
tic chart  can  be  used  to  give  a  review  of  the 
present  weather,  the  prognostic  chart  to  present 
the  forecast  for  an  operational  area  at  a  particu- 
lar lime,  and  the  HWD  chart  to  show  weather 
along  a  .specific  route. 

LONG-RANGE  i^LANNING 
BRIEFINGS.  "Briefings  of  this  type  are  used  in 
plannin>»  amphibious  operations  and  other  op- 
erations which  require  long-range  planning.  In 
such  cases,  presentation  of  climatic  data  will  be 
required.  First,  a  geographical  description  of  the 
area  .should  be  given  followed  by  interpreting 
the  frequencies  and  means  as  they  appear  on  the 
charts  and  graphs.  Information  regarding  the 
limitations  and  reliability  of  the  climatic  data 
presented  should  be  given  in  order  that  the 
planning  staff  may  give  the  data  proper  weight 
in  formulating  plans. 

In  general,  visual  aids  for  a  long-range  briefing 
can  be  divided  into  three  classification.s: 

1.  Surface  charts,  such  as  storm  pattern 
charts,  mean  pressure  and  temperature  charts, 
and  windfiow  charts. 

2.  Graphs  and  dia  ls  of  weather  elements 
which  have  as  their  primary  purpose  the  presen- 
tation of  frequency  a/d  means  of  such  weather 
eijments  as  cloudiness,  visiLility,  and  precipita- 
tion. 

3.  Special  charts  such  as  ocean  currents,  state 
of  sea,  surf,  etc..  where  applicable. 

Mission  Weather 
hidoctrination  Briefing 

This  type  of  briefing  is  usually  conducted  a 
day  or  two  prior  to  a  scheduled  operation.  It  is 
purely  a  weather  indoctrination,  and  no  attempt 
is  made  to  forecast  the  weather  which  wid 
prevail  over  the  route  or  area  involved.  Typical 
weather  should  be  depicted  with  emphasis  on 
the  area  and  frequency  of  occurrence  and 
average  and  extreme  limits  of  intensity. 
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Visual  aids  used  generally  include  current 
monthly  or  seasonal  mean  charts,  such  as  wuid- 
flow  fields,  storm  tracks,  frontal  positions,  etc. 

Special  Weather  Briefings 

Special  weather  brietnigs  are  those  conducted 
for  each  of  the  various  specialist  members  of  an 
aircrew  or  individuals  involved  in  the  operation 
with  distinct  problems.  This  type  briefing  supple- 
ments the  genera!  briefing.  Information  of  such 
specialized  and  technical  nature  which  is  of 
primary  interest  to  each  group  is  presented;  for 
example  navigators  would  desire  a  detailed 
discussion  of  climbing  winds,  winds  and  tem- 
peratures at  night  levels,  and  descending  winds. 
They  may  also  wish  co  review  surface  conditions 
for  information  on  possible  ditching. 

DEBRIEFINGS 

Normally,  weather  debriefing  consists  of  in- 
terrogation to  determine  the  weather  encoun- 
tered during  a  mission.  Crews  which  have  fiown 
a  mission  are  a  logical  source  of  accurate 
information  on  actual  route  and  target  weather. 
Data  furnished  by  interrogation  may  not  only 
provide  the  only  practical  means  of  verifying  the 
forecast,  but  may  be  of  considerable  value  in 
amending  the  forecast  for  later  flights  into  the 
same  area. 

The  forecaster  should  try  to  impress  the  crew 
member  with  the  value  of  the  weather  informa- 
tion they  can  furnish.  However,  for  the  informa- 
tion to  be  of  its  utmost  value,  the  exact  time, 
place,  and  altitude  of  each  observation  should  be 
obtained.  Weather  folders,  cross  sections,  in- 
flight report  forms,  and  checklists  help  the 
forecaster  to  get  a  complete  weather  picture. 

WEATHER  BRIEFINGS  FOR  SURFACE 
AND  SUBSURFACE  OPERATIONS 

After  obtaining  a  comprehensive  understand- 
ing of  the  operational  problems  involved,  the 
person  who  will  make  the  weather  briefing  is 
ready  for  the  preparation  of  his  discussion.  Since 
many  lives  and  much  costly  equipment  are 
generally  involved  in  an  operation,  preparation 
cannot  be  haphazard  in  nature:  it  must  be 
exhaustive  in  compilation  of  data  and  detailed  in 


deliberation.  Indeed,  the  success  or  failure  of  an 
operation  is  often  attributable  cither  entirely  or 
in  part,  to  the  value  of  weather  information 
received  by  the  operation  commander.  The  fact 
that  such  degree  of  preparation  requires  a 
considerable  period  of  time  is  obvious  and 
further  emphasizes  the  need  for  close  liaison 
with  the  operation  commander  in  order  to 
insure  that  sufficiently  early  notification  of  the 
requirements  for  a  briefing  is  received. 

WEATHER  SYNOPSIS 

On  many  Navy  forecasts  a  weather  synopsis  is 
made  of  the  pressure  systems  and  fronts.  A 
general  description  of  the  systems  and  fronts 
with  their  location  and  expected  movement  is 
given.  Below  is  an  example  of  a  weather  synop* 
sis: 

The  station  is  under  the  influence  of  a  cold 
polar  air  mass.  A  cold  front  passed  the  station 
early  yesterday  afternoon.  This  cold  front  is 
now  oriented  northeast-southwest  along  the 
eastern  coast  of  the  United  States,  extending 
from  a  low-pressure  area  centered  over  south- 
eastern Connecticut.  The  front  has  become 
stationary  through  northern  Florida  and  extends 
westward  along  the  southern  coast  of  Alabama 
and  Louisiana.  The  warm,  moist,  tropical  air  is 
over-riding  the  cold  polar  air  mass  over  this  area, 
causing  considerable  cloudiness  and  light  inter- 
mittent rain.  This  condition  is  expected  to  exist 
during  the  next  36  hours.  A  maritime  air  mass 
dominates  the  entire  western  part  of  the  United 
States, 

SURFACE  SHIP  OPERATIONS 

Weather  briefings  for  surface  ship  operations 
will  vary  considerably,  depending  upon  the  type 
of  ship  and  the  mission  at  hand.  Here  again,  the 
meteorologist  should  be  cognizant  of  all  phases 
of  the  operation  and  be  able  to  make  comments 
as  to  how  the  various  weather  elements  will 
infiuence  the  unit  or  units.  Long-range  weather 
forecasts  are  desirable  for  route  planning  to 
avoid  bad  weather.  While  it  is  realized  that 
forecasting  beyond  36  hours  is  difficult,  u.se 
should  be  made  of  the  latest  long-range  forecast 
procedures  and  of  climatological  data  for  ex- 
tended   periods.   A   prevailing  climatological 
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briefing  of  personnel  (especially  the  officer  in 
tactical  command  (OTC)  and  his  staff,  the  com- 
manding officer,  executive  officer,  operations  of 
ficer,  navigator.  OOD\s.  and  other  department 
heads)  i.s  recommended  for  extended  cruises. 
Ship  routing  is  now  being  done  on  a  large  scale 
uith  a  high  degree  of  su:cess  through  Optimum 
Track  Ship  Routing  (OTSR). 

One  of  the  concerns  for  the  commanding 
officer  is  the  danger  of  encountering  a  typhoon 
(or  hurricane).  You  will  normally  tuid  that 
warnings  from  the  various  weather  centrals  will 
keep  you  fairly  well  posted,  but  do  not  let  this 
lull  you  into  a  false  sense  of  security.  Make  a 
special  chart  for  keeping  track  of  any  storms, 
and  u.se  it  ui  your  briefings.  You  cannot  give  too 
much  advance  notice,  remember  the  ship's  speed 
is  limited  and  advance  planning  is  absolutely 
necessary. 

Sea  conditions  and  wind  speeds,  as  related  to 
the  development  of  seas,  are  important  items  for 
most  ships. 

Visibility  is  also  important,  not  only  for  the 
safety  of  the  ship,  but  to  determine  what  speed 
of  advance  is  nece.s.sary  to  maintain  schedules. 
For  example,  if  an  extensive  fog  bank  is  ex- 
pected en  route,  the  commanding  officer  may 
desire  to  increa.se  his  speed  of  advance  while  the 
vi.sibility  is  good  in  order  to  reduce  the  speed  for 
.safety  considerations  while  proceeding  through 
the  fog.  In  port,  the  .sailing  time  may  be  altered 
in  the  event  that  fog  is  expected  at  the  sched- 
uled time  of  departure. 

Cloud  coverage  and  ceilings  are  not  normally 
important,  however,  in  time  of  war  it  may  be 
desirable  to  operate  in  normally  undesirable 
weather  which  would  provide  cover  for  the 
ship's  movements  to  aid  in  avoiding  visual 
detection.  The  use  of  frontal  areas  and  squalls 
for  cover  was  not  uncommon  in  World  War  II. 
Bad  weather  can  be  ofu.se  to  someone. 

Forecasts  of  conditions  affecting  the  capabili- 
ties ot  radar  and  .sonar  equipment  are  required 
of  the  meteorologist.  This  is  becoming  increas- 
ingly important,  and  meteorologists  should 
become  acquainted  with  pertinent  facets  of 
oceanography  and  the  .sonar  qualities  of  the 
various  ocean  currents  and  should  understand 
how  weather  conditions  affect  .sonar  and  radar 
performance. 


Cold  weather  operations  arc  very  demanding 
on  ihe  meteorologist.  Here  he  will  find  that 
every  bit  of  information  has  value,  no  matter 
how  insignificant  it  may  .seem.  Sea  water  tem- 
peratures as  well  as  air  temperatures  are  very 
import  ant,  particularly  when  freezing  tempera- 
ture:, may  be  encountered.  An  accumulation  of 
ice  top.side  can  .seriously  affect  a  .ship's  .stability 
and  endanger  the  lives  of  all  personnel.  A 
coating  of  ice  may  increase  the  chance  of  visual 
detection  in  time  of  war.  Ice  forming  on  the 
decks  of  carriers  is  particularly  hazardous,  not 
only  delaying  operations,  but  also  placing  the 
ship  in  an  unready  condition  and  adding  to  the 
ever-present  hazards  to  topside  personnel. 

Drift  ice  areas  are  hazards  to  navigation  and 
may  necessitate  additional  precautions.  Slush  ice 
areas  are  also  hazards,  and  the  meteorologist 
should  know  the  various  ways  in  which  the  .ship 
may  be  endangered.  Ice  may  clog  the  intake 
strainers  of  the  sea  water  che.sls  and  thus 
seriously  impair  the  operation  of  the  ship's 
engineering  department.  Ice  forming  in  expo.sed 
fireplugs  and  water  breakers  may  cause  them  to 
freeze  and  burst.  Other  cold  weather  effects  are 
extremely  probable:  hence  the  meteorologist 
should  realize  his  responsibilities  and  use  his 
initiative  to  point  out  how  the  operations  of  his 
unit,  as  well  as  the  fieet,  may  be  affected. 

The  chill  factor  which  is  covered  in  detail  in 
cold  weather  manuals  should  be  understood  and 
included  in  daily  briefings.  Here  the  meteor- 
ologist will  find  himself  concerned  with  the 
protection  of  topside  personnel  from  the 
weather  elements  (wind  and  temperature)  and, 
in  a  sense,  concerned  with  how  they  clothe 
themselves. 

Special  evolutions  must  take  place  aboard 
.ship  upon  the  occurrence  of  certain  weather. 
Aerographer's  Mates  should  be  familiar  with 
the.se  evolutions,  the  officers  responsible  for 
initiating  actions,  and  the  weather  conditions 
under  which  they  will  need  to  happen.  An 
EVOLUTION  CHECKLIST  .should  be  prepared, 
listing  the  weather  conditions  and  the  individu- 
als to  be  notified.  Some  examples  of  the.se 
evolutions  are  as  follows:  (I)  Heavy  rains- 
Gunnery  Officer;  (2)  Fog  OOD  (3)  Freezing 
temperatures  Engineering  Officer.  This  evolu- 
tion checklist  should  be  as  complete  as  possible 
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and  tlio:elorc  requires  consultation  with  many 
department  heads. 

Radiological  lallout  predictions  and  ballistic 
wind  forecasts  should  be  prepared  upon  request 
and  at  any  time  when  the  situation  demanding 
such  lorecastb  arises.  Such  forecasts  are  of  value 
10  carriers  as  well  as  lo  the  other  surface  ships, 
and  the  ships  in  company  not  ha\iiig  weather 
units  should  receive  these  forcLasts  when  ncLCs- 
sary. 

CARRIER  OPERATIONS 

Each  of  the  \arious  tvp^'s  of  aircraft  carriers 
are  subject  lo  being  affected  by  almost  every 
known  weather  element. 

Wind  force  aboard  a  carrier  takes  on  added 
importance  in  that  there  is  such  a  condition  as 
too  little  wind.  All  carriers  need  about  30  knots 
across  the  lliglit  deck  to  insure  safely  conducted 
operations.  Greater  wind  speeds  are  desired  lor 
jet  aircraft  operations.  However,  with  too  much 
wind  across  the  llight  deck,  it  may  become 
difficult  to  nio\c  aircraft  about  the  deck  and 
conduct  launchings  and  landings.  It  has  been 
known  for  a  carrier  to  actually  back  down  in 
order  to  conduct  flight  operations.  The  flight 
deck  wind  is  often  different  than  the  apparent 
wmd  at  anemometer  level;  for  this  reason,  hand 
anemometer  wind  observations  on  the  flight 
deck  may  be  necessitated.  Catapult  personnel 
may  be  able  to  take  the  required  spot  measure- 
ments of  flight  deck  winds  with  the  hand 
anemometer. 

Type  and  duration  of  precipitation  take  on 
added  importance,  especially  at  near  freezing 
temperatures.  A  sheet  of  ice  forming  on  the 
deck  will  make  it  more  hazardous  for  the  flight 
deck  crew:  and  with  aircraft  operating  the 
hazard  becomes  more  acute. 

The  catapult  officer  can  be  aided  b>  knowing 
in  advance  of  low  temperatures  in  order  to 
adjust  his  equipment  to  care  for  sluggishness  due 
to  weather  causes.  A  temperature  of  32"^  is 
critical  and  important  aboard  ,ship. 

With  the  advent  of  the  CV  as  attack  platform 
both  for  targets  above  and  below  the  sea  surface 
It  IS  imperative  ;hat  Aerographer^s  Mates  be 
cognizant  of  the  interplay  of  the  air-ocean 
environment.  Usually  in  the  role  of  flagship,  the 
carrier  weather  office  can  be  expected  to  pro- 


duce timely  and  accurate  weather  bulletins  for 
not  only  its  air  group  and  ,self  but  its  small  boy 
escort  vessels  as  well. 

Aboard  carriers  such  as  LPlI's  or  the  newer 
LIIA's  special  requirements  for  such  information 
as  density  altitude  and  pressure  altitude  may 
exist.  The  many  smaller  ships,  including  Light 
Airborne  Multid\irpose  Sy,steni  (LAMPS) 
equipped  vessels  and  minesweeping  forces  may 
develop  more  special  weather  requirements  with 
increased  helicopter  operation,s.  Although  mine- 
sweepers and  destroyers  with  LAMPS  are  not 
technically  carriers,  they  still  require  consider^i- 
tion  as  ,ship-aircran  teams  and  are  signiflcan*  to 
the  thoughtful  forecaster. 

AMPHIBIOUS  OPERATIONS 

Amphibious  operations  are  probably  the  mo,st 
demanding  type  of  operation  requiring  accurate 
weather  information.  Every  imaginable  under- 
taking (airborne,  surface,  or  subsurface)  found 
in  amphibious  operations  is  somehow  affected 
by  weather  elements.  A  meteorologist  forecast- 
ing weather  should  be  fully  cognizant  of  all 
phases  of  the  operation  in  order  to  be  as 
valuable  as  possible.  Meteorological  considera- 
tions are  present  in  all  phases  of  military 
planning. 

Meteorological  con,siderations  u.sually  show 
that  one  sea,son,  month,  or  other  period  is  more 
favorable  for  the  planned  D-day  than  another.  In 
making  the  evaluation,  the  following  effects 
should  be  considered: 

1.  Effects  of  wind  and  pressure  upon  tidal 
conditions. 

2.  Effects  of  wind,  sea,  and  visibility  upon 
beaching  conditions,  unloading  conditions,  ,sonar 
conditions,  and  speed  of  ships  and  craft,  both 
during  the  a.s,sault  and  during  the  period  that 
beach  maintenance  continues. 

3.  Effects  of  wind,  temperature,  and  humid- 
ity on  aerosols  and  smoke. 

4.  Effects  of  visibility  upon  navigation  and 
gunfire. 

5.  Effects  of  extreme  temperatures  on  per- 
sonnel, equipment,  and  planned  operations. 

6.  Effects  of  weather  conditions  upon  air 
operations. 
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The  following  considemtions  may  inniience 
the  deternunalion  of* the  hour oriaiuling: 

I.  Wind  and  sea.  Strong  winds  and  heavy  seas 
or  swell  materially  affect  the  approach  of  ships, 
particularly  landing  craft  types  to  the  assault 
area.  Heavy  weather  may  also  cause  transports 
and  other  ships  to  roll  excessively,  therefore 
slowing  the  operation  of  hoisting  out  and 
loading  boats  with  assault  troops  and  equip- 
ment. The^o-ffectrv  af-4trtrvy  weather  are  particu- 
larly intensified  at  night. 

2.  Surf.  Winds  affect  not  only  the  state  of 
the  sea,  but  also  tides,  currents,  and  surt\  and 
hence,  beaching  conditions.  Dangerous  cr  even 
impossible  swell  or  surf  may  also  be  caused  by 
distant  storms  when  local  winds  are  light.  Strong 
winds  and  rough  seas  not  only  may  delay  the 
timing  of  boat  waves,  but  may  produce  seasick- 
ness among  the  troops  and  render  many  ineffec- 
tual prior  to  reaching  the  shore.  On  exposed 
beaches,  the  height  of  the  surf  may  reach  such 
proportions  as  to  make  landings  impracticable. 
Other  beaches  may  be  somewhat  sheltered,  but 
the  high  surf  breaking  over  outlying  bars  or 
shoals  may  render  them  unusable. 

3.  Visibility-  Navigation  during  the  approach 
may  be  impeded  by  reduced  visibility  produced 
by  fog,  haze  or  precipitation:  at  night  their 
effects  are  greatly  intensified.  This  may  result  in 
delay  of  the  arrival  of  ships  in  the  initial 
transport  area,  where  further  delays  may  be 
suffered  in  the  rendezvous  of  boats  in  compli- 
ance with  the  time  schedule.  Landing  ships  and 
craft  have  difficulty  in  stationkeeping;  under 
reduced  visibility  conditions,  they  may  straggle 
and  delay  their  arrival  at  the  destination  and 
correspondingly  delay  the  execution  of  attack 
plans. 

4.  Flying  conditions.  Suitability  of  Hying 
conditions  for  military  operations  is  determined 
by  a  combination  of  factors,  including  cloud 
cover,  ceiling,  visibility,  wind,  turbulence,  and 
icing.  Air  observation  in  support  of  the  a.ssault 
wave.s,  pre-H-hour  bombing  of  enemy  defenses 
and  beaches,  and  airborne  operations  may  be 
restricted  or  even  eliminated  by  unfavorable 
flying  conditions. 

There  are  many  other  operational  problems 
that  the  meteorologist  is  faced  with  in  amphibi- 


ous operations,  but  in  the  main,  the  foregoing 
are  his  most  pressing  forecasting  responsibilities. 

SUBMARINE  OPERATIONS 

As  far  as  subsurface  warfare  is  concerned, 
naval  oceanography  has  already  developed  far 
enough  to  play  a  part  in  both  operational  and 
material  activities.  Knowledge  of  the  sound 
conditions  often  makes  it  possible  to  use  sonar 
gear  more  effectively  and  is  sometimes  a  factor 
in  deciding  the  proper  tactical  deployment  of 
vessels.  Knowledge  concerning  the  subsurface 
distribution  of  temperature  and  salinity  im- 
proves the  diving  operations  of  submarines  and 
to  a  considerable  degree  affects  their  choice  of 
offensive  and  evasive  maneuvers. 

It  is  of  the  greatest  importance  in  submarine 
operation  to  be  able  to  change  depth  efficiently. 
It  often  takes  an  appreciable  amount  of  time  to 
fiood  or  pump  the  required  amount  of  water. 
During  offensive  or  defensive  operations  a  delay 
of  a  few  minutes  caused  by  faulty  judgment  as 
to  the  correct  ballast  change  may  be  costly.  The 
noise  in  diving  operations  is  also  an  important 
consideration  when  operating  among  enemy 
ships  that  may  be  maintaining  a  listening  watch. 

Maintaining  efficient  diving  operations  would 
be  simple  if  the  buoyance  of  sea  water  were 
everywhere  uniform.  Since  it  is  not,  the  varia- 
tions in  density  that  occur  make  each  dive  a 
separate  problem,  requiring  slightly  different 
tactics.  Temperature  variations  have  a  big  infiu- 
ence  on  the  density  of  water.  With  decreasing 
temperature  the  density  will  increase  and  vice 
versa.  The  density  of  sea  water  is  generally 
dependent  on  its  temperature,  salt  content,  and 
the  pressure  of  the  surrounding  water.  Density 
increases  when  the  salinity  or  pressure  increases, 
but  it  decreases  when  the  water  expands  with 
increasing  temperature.  When  these  properties 
are  known,  the  density  can  be  determined 
readily  from  standard  tables. 

Other  properties  of  the  ocean  that  a  meteor- 
ologist should  brief  the  submanners  on  are  the 
\yaler  masses  they  will  encounter  in  their  opera- 
tions and  the  effects  these  masses  will  have  on 
their  operations.  They  should  be  briefed  on 
ocean  currents  and  how  to  make  the  best  use  of 
them.  The  transmis.sion  of  sound  waves  is 
another  consideration  that  should  be  discussed. 
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HELICOPTER  OPERATIONS 

Helicopter  pilots  are  ilioroiiglily  taniiliar  with 
the  flight  characierisiicb  of  their  craft  and  they 
detenu ine  the  effect  of  meteorological  elements 
on  their  craft.  The  elements  helicopter  pilots  are 
interested  in  are  listed  in  the  following  para- 
graphs. 

The  wind  speed  in  combination  w^ilh  blade 
rpm  and  forward  speed  can  be  critical  with 
regard  to  the  rotor  blade  efficiency  and  tlight 
safely:  therefore,  an  urgent  need  exists  for 
accurate  wind  speed  forecasts.  Wind  direction  is 
important  from  the  navigational  aspects  of  the 
night. 

Helicopter  pilots  have  a  keen  interest  in 
density  and  pressure  altitude  because  it  controls 
the  load  capacity/operating  ceiling  of  the  craft. 
Weather  units  aboard  ships  or  stations  with 
helicopters  on  board  should  take  great  pains 
when  computing  density,  pressure  altitudes,  and 
upper  air  temperatures  to  facilitate  the  helicop- 
ter pilot's  flight  planning. 

Snow  and  ice  accumulations  on  the  helicopter 
prevent  takeoff  completely  and  must  be  re- 
moved from  the  craft  prior  to  takeoff-  Freezing 
precipitation  and  trozen  precipitation  are  ex- 
iremely  dangerous  to  helicopter  flying,  and  the 
forecasting  of  these  elements  is  critical  in  plan- 
ning helicopter  operations. 

Surface  temperatures  control  the  type  of 
lubrication  for  certain  systems  of  the  helicopter 
and  arc  an  important  element  in  flight  opera- 
tions involving  helicopters. 

in  addition  to  the  above,  there  are  the  normal 
forecast  elements  of  ceiling,  sky,  and  tlight 
visibility.  Under  bad  weather  conditions  these 
elements  may  well  determine  the  feasibility  of 
helicopter  operations,  especially  at  sea,  even 
though  most  military  helicopters  are  equipped 
with  radar  equipment. 

FLIGHT  FORECASTING 

One  of  the  major  tasks  of  Aerographefs 
Mates  Fii^t  Class,  and  Chief  Aerographer's  Mates 
is  forecasting  the  weather  for  tlight  operations. 
Much  of  your  time  is  spent  in  completing  Flight 
Weather  Briefing  Forms  and  briefing  and  de- 
briefing pilots  on  the  weather  aspects  of  their 
flights.  Flight  forecasting  is  a  comprehensive. 


difficult,  but  very  interesting  task.  The  purpose 
of  this  section  is  to  help  to  equip  senior 
Aerographer's  Mates  with  the  necessary  informa- 
tion to  adequately  perforin  flight  forecasting 
duties. 

Although  pilots  are  responsible  for  reviewing 
and  being  familiar  with  weather  conditions  for 
the  area  in  which  the  flight  is  contemplated, 
weather  briefings  shall  be  conducted  by  a 
qualified  meteorological  forecaster,  when  avail- 
able. These  briefings  may  be  conducted  in 
person  or  by  telephonic,  autographic,  or  weath- 
ervision  means. 

FLIGHT  WEATHER  BRIEFING  FORM 

A  DD  Form  175-1,  ,such  as  the  one  described 
later  in  this  section,  is  completed  for  all  flights 
to  be  conducted  in  accordance  with  instrument 
flight  lules,  when  military  weather  services  are 
available.  The  torecaster  completes  the  form  tor 
briefings  conducted  in  person  and  for  auto- 
graphic briefings.  It  is  the  pilot's  responsibility  to 
complete  the  form  for  telephonic  or  weather- 
vision  briefings.  For  VFR  flights  using  the 
DD-175,  the  following  .ortification  on  the  flight 
plan  may  be  used  in  lieu  of  a  completed  DD 
Form  175-1: 

BRIEFING  VOID  Z. 

FLIGHT  AS  PLANNED  CAN  BE  CON- 
DUCTED UNDER  VISUAL  FLIGHT 
RULES.  VERBAL  BRIEFING  GIVEN 
AND  HAZARDS  EXPLAINED. 


(Signature  of  forecaster) 

If  the  intended  VFR  flight  plan  includes 
airfields  having  VFR  minima  higher  than  the 
basic  1,000  feet  ceiling  and  3  statute  miles 
visibility,  it  is  the  responsibility  of  the  pilot  to 
advi,se  the  weather  briefer  of  these  higher  min- 
ima. 

A  Flight  Weather  Packet,  such  as  the  one 
described  later  in  this  section  which  includes  a 
Horizontal  Weather  Depiction  (HWP)  chart,  may 
be  requested  by  the  pilot.  It  is  normally  re- 
quested that  pilots  allow  a  minimum  of  2  hours 
for  preparation  of  the  packet. 
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NAVY  FLIGHT  RULES 

Due  to  the  density  of  air  traffic  over  the 
world  today,  it  is  imperative  that  there  be  an 
organized  system  for  controlling  aircraft.  There 
must  be  specific  rules  and  regulations  set  forth 
for  the  safety  of  aircraft  operations. 

The  following  sections  on  Visual  Right  Rules 
(VFR)  and  Instrument  Flight  Rules  (IFR), 
which  are  based  on  OpNav  Instruction  3710.7(), 
acquaints  the  Aerographer's  Mate  with  the  flight 
rules  that  deal  with  weather. 

VFR 

Table  ^3-1  Psts  the  basic  VFR  weather 
minimums. 

Additional  VFR  weather  minimums  are  listed 
below: 

1.  Destination  must  have  3  miles  or  more 
visibility  at  time  of  departure  and  be  forecast  to 
remain  3  miles  or  more  during  the  period  1  hour 
before  until  1  hour  after  ETA, 

2.  The  distance  from  the  surface  of  the 
airport  to  the  lowest  cloud  layer  reported  as 


^'broken"  or  ^'overcast"  within  control  zones 
must  be  at  least  KOOO  feet  at  point  of  departure, 
or,  if  a  more  stringent  requirement  has  been 
established,  at  or  above  the  VFR  minimum 
prescribed  in  the  aerodrome  remarks  section  of 
the  DOD  Flight  [nformation  Publication  (IFR 
Supplement).  NOTE:  A  "Control  zone"  nor- 
mally refers  to  a  circular  area  with  a  radius  of  5 
miles  of  the  airport,  and  any  extensions  neces- 
sary to  include  instrument  approach  and  depar- 
ture paths.  In  addition,  the  weather  at  destina- 
tion must  be  forecast  to  remain  at  least  1,000 
feet,  or  at  or  above  the  prescribed  published 
VFR  minimums  for  that  aerodrome  during  the 
period  1  hour  before  until  1  hour  after  ETA. 

3.  Aircraft  may  be  operated  on  a  visual  flight 
rules  clearance  above  ''broken  clouds"  or  an 
"overcast"  provided  climb  to  and  descent  from 
such  "on  top"  flight  can  be  made  in  accordance 
with  visual  flight  rules. 

4.  Because  of  their  special  flight  characteris- 
tics, helicopters  may  be  flown  at  less  than  the 
minimums  established  above,  subject  to  appli- 
cable FAA  regulations.  VFR  flight  minimums  for 
clearance  of  helicopters  are  established  as  1  mile 
forward  flight  visibility  and  500  foot  ceiling. 


Table  13-1.-Basic  VFR  weather  minimums. 


Altitude 


1,200  feet  or  less  above  the  surface  (regardless 
of  MSL  altitude)- 


Within  controlled  airspace. 
Outside  controlled  airspace 


More  than  1,200  feet  above  the  surface  but  less 
than  10,000  feet  MSL- 

Within  controlled  airspace  

Outside  controlled  airspace  

More  than  1,200  feet  above  the  surface  and  at  or 
above  10,000  feet  MSL  


Flight  visibility 


3  statute  miles.  . 

1  statute  mile 
(except  as  in 
91.105(B)).  .  . 


3  statute  miles.  . 


1  statute  mile 


5  statute  miles. 


Distance  from  clouds 


500  feet  below. 
1,000  feet  above. 
2,000  feet  horizontal. 


Clear  of  clouds. 


500  feet  below. 
1,000  feet  above. 
2,000  feet  horizontal. 
500  feet  below. 
1,000  feet  above. 
2,000  feet  horizontal. 
1,000  feet  below. 
1,000  feet  above. 
1  mile  horizontal. 
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IFR 

The  weather  eriteria  used  for  IFR  flights  are 
as  follows: 

1.  IFR  elearanee  is  ba^ecl  on  the  actual 
weather  at  the  point  of  departure  at  the  time  of 
clearance,  and  forecast  weather  en  route  and  at 
both  the  destination  and  destination  alternate 
during  the  period  I  hour  before  until  I  hour 
after  ETA.  Existing  weather  may  be  used  as 
basis  for  clearance  when  no  forecast  weather  is 
available  and  the  pilot's  analysis  of  available  data 
indicates  satisfactory  conditions  for  the  planned 
night.  No  clearance  can  be  authorized  for 
destnialions  at  which  the  weather  is  forecast  to 
be  below  mininiums  upon  arrival,  unless  an 
alternate  airfield  available  which  i^  forecast  to 
be  equal  to  or  better  than  3.000  feet  ceiling  and 
3  miles  visibility  during  the  period  I  hour  before 
until  1  hour  after  the  ETA.  Flights  must  be 
planned  to  circumvent  arcah  of  forecast  atmos- 
pheric icing  conditions  and  thunderstorms  when 
practicable. 

NOTE.  The  following  is  an  exception  to  the 
preceding  rule:  When  urgent  military  necessity 
dictates.  Commanding  Officers  of  aircraft  carri- 
ers. Commanders  of  Fleet  Air  Detachments, 
Marine  Aircraft  Group  Commanders,  and  seniors 
in  the  operational  chani  of  command  may 
approve  llight  plans  for  aircraft  under  their 
cognizance  in  weather  conditions  below  the 
prescribed  nnnima  as  specified  in  OpNav  Instruc- 
tion 371 0.7(  ). 

2.  Aviation  Severe  Weather  Watch  Bulletin 
(WW).  The  National  Weather  Service  issues 
unscheduled  WW's  whenever  there  is  a  high 
probability  of  severe  weather  development. 
These  WW's  are  for  a  designated  area  and  a 
specified  time  period.  The  WW\  are  used  by  the 
Naval  Weather  Service  for  forecasting  hazardous 
flying  conditions.  The  Air  Force  issues  sched- 
uled^ Military  Weather  Warning  Advisories 
(MWWA).  These  graphical  advisories  are  an 
estimate  of  the  weather  producing  potential  of 
the  existing  air  mass.  These  advisories  will  be 
given  to  all  pilots  filing  from  all  U.S.  Air  Force 
bases  and  will  be  used  for  night  planning  when 


National  Weather  Service  WW  information  is 
unavailable.  Air  Force  advisories  do  not  consti- 
tute a  National  Weather  Service  Weather  Watch 
Bulletin.  Except  for  operational  necessity,  emer- 
gencies, and  nights  involving  all  weather  research 
projects  or  weather  reconnaissance,  approval 
authorities  shall  not  approve  flights  nor  shall 
pilots  who  possess  approval  authority  file 
through  areas  for  which  the  National  Weather 
Service  has  issued  an  aviation  severe  weather 
watch  bulletin  (W\V)  unless  one  of  the  following 
exceptions  apply: 

a.  Storm  development  has  not  progressed 
as  forecast  for  the  planned  route.  In  such 
situations,  the  following  rules  apply: 

(1)  VFR  clearance  may  be  permitted  if 
existing  and  forecast  weather  for  the  planned 
route  permits  such  clearance. 

(2)  IFR  clearance  may  be  permitted  if 
aircraft  radar  is  installed  and  operative,  thus 
permitting  detection  and  avoidance  of  isolated 
thunderstorms. 

(3)  IFR  clearance  is  permissible  m  posi- 
tive control  ar(as  if  visual  meteorological  condi- 
tions can  be  maintained,  thus  enabling  aircraft 
to  detect  and  avoid  isolated  thunderstorms. 

b.  Performance  characteristics  of  the  air- 
craft permit  an  en  route  flight  altitude  above 
existing  or  developing  severe  storms. 

3.  An  aUernate  airfield  is  not  required  when 
the  weather  at  the  destination  is  forecast  to  be 
equal  to  or  better  than  3,000  feet  ceiling  and  3 
miles  visibility  during  the  period  I  hour  before 
until  i  hour  after  the  ETA.  Otherwise,  an 
alternate  airfield  is  required. 

FLIGHT  WEATHER  BRIEFING  FORM 

The  Flight  Weather  Briefing  Form,  DD  Form  175-1, 
pro /ides  a  comprehensive  record  of  weather 
night  planning  information  for  pilots  and  flight 
clearance  authority.  This  form  should  be  com- 
pleted with  the  utmost  diligence  and  care  in 
accordance  with  the  policies  set  forth  in  Nav- 
WeaServCom  Instruction  3I45.I(  );  it  should  be 
completed  by  qualified  Naval  Weather  Service 
personnel  as  set  forth  in  NavWeaServCom  In- 
struction 3I40.5(  ). 
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BRIEFING  PERSONNEL 

The  completion  of  F'Jight  Weather  Briefing 
Forms  and  biiefings  of*  pilots  will  be  carried  out 
by  personnel  who  possess  written  authorization 
to  conduct  such  briefings. 

To  qualify  as  a  meteorological/oceanographic 
forecaster  a  candidate  must  satisfy  one  of  the 
following  academic  requirements' 

1.  Completion  of  a  course  of  instruction  in 
meteorology  at  the  USN  Postgraduate  School. 

2.  Attainment  of  a  degree  in  meteorology 
from  an  accredited  university. 

3.  Completion  of  AG^^B"  School. 

4  Qualification  as  a  meteorological  fore- 
caster in  the  UFAF  or  the  National  Weather 
Service. 

The  candidate  must  also  fulfill  all  of  the 
following  general  requirements. 

1.  Demonstrate  proficiency  in  briefing  and 
forecasting  to  the  satisfaction  of  the  Command- 
ing Officer.  Officer  in  Charge,  or  Chief  Petty 
Officer  in  Charge  of  the  activity. 

2.  Be  indoctrinated  in  local  meteorological/ 
Oceanographie  phenomena  (Local  Area  Fore- 
casters Handbook)  and  in  local  operations  and 
procedures.  Unless  exempted  by  the  Command- 
ing Officer/Officer  in  Charge,  all  flight  forecast- 
ers will  participate  in  familarization  flights  in 
their  respective  local  flying  areas. 

3.  Be  thoroughly  familiar  with  current  Inter- 
national Civil  Aviation  Organization  (ICAO) 
Regulations,  and  Navy  Directives  as  they  pertain 
to  aircraft  operations  of  the  activity 

Personnel  meeting  the  above  criteria  may  be 
be  authorized  to  conduct  meteorological/ocean- 
ographic briefings  for  which  qualified  and  to 
prepare  forecasts  for  aircraft  flights.  This  author- 
ization will  be  in  writing  and  signed  by  the 
Commanding  Officer.  OfHcer  in  Charge,  or  Chief 
Petty  Officer  in  Charge  of  the  activity. 


completes  the  weather  entries  on  DD  Form 
175-1. 

Entries 

All  weather  entries  should  be  made  in  the 
Airways  Code  form  (hourly  sequence)  as  de- 
scribed in  the  effective  edition  of  FMH  No.  1, 
Surface  Obseivations.  Temperatures  should  be 
entered  in  degrees  Celsius  (""C).  wind  direction  in 
tens  of  degrees,  and  wind  speed  in  knots.  All 
date.s/tinies  should  be  entered  in  GMT.  Flight 
levels  and  heignts  of  all  meteorological  phenom- 
ena should  be  entered  in  hundreds  of  t'eet  MSL 
except  as  noted.  ALL  blocks  on  the  form  should 
be  completed  described  in  NavWeaServCom 
Instruction  3145.1(  ).  This  instruction  also 
contains  instructions  for  ordering  new  supplies 
of  forms. 

l-igure  13-1  is  an  example  of  entries  on  a 
completed  Flight  Weather  Briefing  Form,  DD 
Form  175-1. 

FLIGHT  WEATHER  BRIEFING  PACKET 

The  flight  weather  packet,  which  is  issued 
upon  the  pilot's  request,  is  enclosed  in  a  knee- 
board  size  flight  forecast  folder  for  the  conveni- 
ence of  the  pilot.  The  reduced  size  (5"  X  8")  of 
the  folder  allows  pilots  to  clip  it  to  the 
kneeboard  when  logging  en  route  weather.  The 
foider  has  entered  on  it  a  variety  of  weather 
information  as  illustrated  in  figure  13-2. 

In  addition  to  the  forecast  folder,  the  packet 
contains  the  DD  Form  175-1.  an  HWD  (high  or 
low  level),  and  upper  wind  chart(s)  for  the 
proposed  flight  level.  When  appropriate,  a  ^'ditch 
heading  chart"  for  over  water  flights  and  **pre- 
dicted  altimeter  setting  charts"  for  over  water 
flights  1.500  feet  or  below,  or  when  requested, 
are  enclosed. 

The  charts  enclosed  should  be  prepared  using 
standard  entries  as  described  on  page  two  of  the 
forecast  folder. 


WEATHER  ENTRIES  ON 
DD  FORM  175-1 

After  the  pilot  has  completed  the  Flight 
Clearance  Form  (DD  Form  175),  the  forecaster 


FOLDER  DESCRIPTION 

Although  the  folder  is  illustrated  in  figure 
13-2,  the  following  description  is  provided  for 
clarity: 
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Figure  13-1.-Example  of  entries  on  Flight  Weather  Briefing  Form,  DD  Form  175-1. 
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Figure  13.2.-Forecast  folder,  OpNav  Form  3140/25. 


AG.372 


1.  The  section  entitled  ^'FOLDER  IN- 
CLUDES" on  page  one  of  the  folder  Hsts  all 
forms  and  charts  that  must  be  included  in  all 
packets.  Other  inclusions  should  be  listed  in  the 
blank  spaces  provided. 

2.  Page  two  lists  the  symbols  used  on  the 
enclosed  charts. 

3.  Page  three  includes  the  En  Route  Flight 
Log  which  may  be  used  in  lieu  of  the  AIREP 
FLIGHT  LOG,  OpNav  3140-30,  and  should  be 
brought  to  the  attention  of  the  pilots.  Aircraft 


commanders  who  commonly  use  the  AIREP 
FLIGHT  LOG  for  transoceanic  flights  should  be 
encouraged  to  continue  to  o  so  as  these 
AIREPS  provide  key  data  for  computer  analysis 
centers. 

4.  Page  four  is  a  self-mailer  for  the  folder. 
The  issuing  weather  activity  should  enter  its 
address  to  the  right  and  below  the  guide  dot. 
The  receiving  weather  activity  should  review  the 
En  Route  Flight  Log  portion,  enter  its  address  in 
the  return  address  section,  remove  all  staples. 
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Figure  13-2.-Fcrecast  folder,  OpNav  Form  3140/25-Continued. 


>eal  the  open  side  with  a  uunimod  ra^toner.  and 
mail  the  rorm  within  72  hours  of  receipt.  If  the 
AIK1:P  PLIGHT  LOG  is  used  instead  o!*  the  l:n 
Route  riiiiht  Log  portion,  it  should  be  enclosed 
in  the  folder. 


DESCRIPTION  OF  INCLUDED 
CHARTS  AND  FORMS 


brief 


The  following  paragraphs  present  a 
description  of  the  charts  and  forms  contained  in 
the  Fliuhl  Weather  Packet. 


ERIC 


1.  1)1)  l-orni  175-1.  Flight  Weather  Briefing 
Form.  This  form  is  completed  as  described 
earlier  in  this  chapter.  An  original  and  two 
copies  are  completed.  Copy  two  should  be 
retained  on  file  in  the  weather  office  for  3 
months. 

2.  [lorixontal  Weather  Oepiction  Chart 
(UWD).  The  HWD  chart  is  basically  a  strip  chart 
containing  operationally  significant  weather 
data.  This  chart  is  required  in  all  Flight  Weather 
Packets.  The  basic  chart  or  charts  to  be  used 
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may  be  prescribed  by  iiulividual  activities.  When- 
ever possible,  base  charts,  hstcd  iii  Section  4  of 
the  Department  of  Delcnse 'Catalog  of  Weather 
Plotting  Charts,-'  NA.,S0.|C;ol8,  should  be 
Used, 

The  size  of  the  chart  used  for  the  HWI)  chart 
included  in  the  Fhght  Weather  Packet  should  be 
no  wider  than  8  inches  and  no  longer  than 
necessary  to  depict  the  llight  path.  The  overall 
size  ol  the  chart  should  be  kept  to  a  minimum 
consistent  with  legibility  of  entries  to  lacilitate 
case  of  handling  within  the  cockpit.  Char:  scales 
Irom  1:10.000.000  to  1 :20.000.000  arc  ideally 
suited  to  this  purpose. 

HWD\s  are  discussed  in  more  detail  iater  in 
this  chapter  under  h'light  l-orccasts. 

3.  Upper  Wind  chart.  The  Upper  Wind  chart, 
valid  time  nearest  midtime  of  the  flight,  at  or 
near  llight  level  should  be  included  in  the 
packet.  The  proposed  line  of  llight  should  iiho 
be  entered  on  this  chart. 

4.  Ditch  :.eading  chart.  This  chart,  con.sisting 
of  plotted  ditch  heading  arrows  or  point  values 
should  be  included  for  all  over  water  fliglu.^. 

5.  Predicted  Altimeter  Setting  chart.  This 
chart  contains  a  plot  of  point  values  of  predicted 
altimeter  .settings  and  should  be  included  for  all 
over  water  tlights  1 .500  feet  or  below,  or  when 
requested. 

6.  Mi.scellaneous  chart.s.  Any  other  operation- 
ally  necessary  charts  for  specific  {lights  should 
be  included:  e.g..  Constant   Pressure  charts 
Streamline  charts.  Surface  Wind  charts.  Sea 
Surface  Temperature  charts,  etc. 


FLIGHT  FORECASTS 

Flight  forecasts  consist  of  the  oral,  written 
and  pictorial  statements  to  the  pilot  relating  the 
expected  weather  along  his  llight  route  and  at 
his  destination.  Flight  forecasts  include  horizon- 
tal weather  depiction  charts  (HWD):  route  and 
terminal  forecasts:  pressure  pattern  llight  (for 
flight  planning):  icing:  contrails:  turbulence: 
cloud  cover:  ceiling:  weather;  visibility;  and 
winds,  all  incorporated  into  a  flight  briefing  for 
the  type  of  aircraft  flown  and  the  type  of 
operation  planned.  The  following  sections  of 
this  chapter  provide  the  Aerographer's  Mate 


with  the  necessary  information  procedures,  and 
techniques  to  prepare  an  adccjuatc  flight  briefin" 
lor  aviators.  ^ 

HORIZONTAL  WEATHER 
DEPICTION  (HWD)  CHARTS 

The  HWD  is  a  prog  chart  for  a  fixed  valid  time 
as  near  us  possible  to  midtime  of  the  llight,  and 
portrays  all  forecast  hazards  to  niglit,\elated 
weather  pattern.s,  and  significant  pres.sure  and 
frontal  systems.  However,  when  prepared  from 
available  facsiniile/NliDN  charts,  ihey  will  verify 
at  the  6-lirly  synoptic  time  nearest  the  mid-time 
of  the  flight.  Two  ba.sic  categories  of  HWD 
charts  will  be  is.sued.  depending  on  the  propo.sed 
llight  level.  The  low-level  HWD  covers  the 
stratum  .surface  to  400  mb:  the  iii-h  level  HWD 
covers  the  stratum  400  to  150  mb.^ 

Low  Level  HWD 

The  following  steps  outline  the  rroccduie  for 
preparing  a  low  level  IWD: 

1.  Show  l\)undaries  of  weather  aieas  of 
significant  cloudiness  {5/8\  or  more  cloudiness, 
including  cirriforin  which  would  prevent  a  celes- 
tial lix)  and  all  cumulonimbus  areas  by  a  black 
scalloped  line. 

2.  Enter  cloud  amounts  in  OKTAS,  cloud 
type;  and  height  of  bases  and  tops  in  hundreds 
of  feet  above  MSL.  within  the  appropriate  areas. 
Use  standard  abbreviations  for  cloud  type.  Enter 
the  height  of  the  cloud  top  above  the  height  of 
the  base  and  .separate  with  a  liorizonlai  line. 
When  more  than  one  layer  is  forecast  to  occur, 
enter  the  higher  layer  directly  above  the  entry 
lor  the  lower  layer.  Some  .   >iplc  entries  are: 
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200 


6  CB  ^  OCNL  TOPS  TO  230 


3.  Outline  areas  of  clear  air  turbulence  (CAT) 
or  other  WW  with  a  heavy  dashed  black  line. 
Within  these  areas  indicate  the  degree  of  CAT 
with  appropriate  symbol  followed  un mediately 
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by  the  height  of  the  base  and  top  of  the  CAT 
stratum  in  hundreds  of  feet  and/or  appropriate 
symbol  for  other  WW. 

4.  Depict  frontal  positions  using  standard 
analysis  symbols  and  colors  and  pressure  centers 
with  large  **H"  or  'L"  in  standard  colors  with 
central  pressure  ni  millibars  entered  below. 
Indicate  direction  and  speed  of  movement  using 
vectors  for  direction  with  speed  in  knots  at  the 
end  of  the  vector. 

5.  Indicate  the  O*"  C  isotherm  wiJ»Mts  height 
in  increments  of  5000  feet  above  sea  level  as  a 
dashed  green  line. 

6.  Indicate  areas  of  significant  weather,  ob- 
structions to  vision,  and  icing,  with  appiopriate 
symbols  followed  by  heights  of  the  base  and  top 
of  the  phenomena  in  hundreds  of  feet. 

7.  Enter  the  flight  route  as  a  solid  brown  line. 

8.  Place  an  identifying  legend  in  the  lower 
margin  of  the  chart. 

EXAMPLE:  LOW  LEVEL  HORIZONTAL 
WEATHER  DEPICTION 
Issued  by:  NWSED  Memphis.  Tn. 
VT     0600Z  26  April  1973 

•*VT"  is  the  valid  date  and  time  of  the  chart. 
"Issued  by"  is  the  weather  office  at  which  the 
chart  was  prepared. 

High  Level  HVVD 

The  following  steps  outline  the  procedures  for 
preparing  a  high  level  HWD: 

1.  Using  the  same  techniques  as  for  the  low 
level  HWD,  depict  all  areas  of  5/8's  or  more 
cirriform  cloudiness  at  or  above  flight  level;  all 
areas  of  convcctivc  clouds  extending  to  the 
proposed  flight  level:  all  areas  of  icing  or 
turbulence  including  CAT;  all  areas  of  severe 
weather  published  by  Aviation  Severe  Weather 
Warnings  (WW)  or  other  advisory;  and  surface 
fronts  and  pressure  centers  (with  direction  and 
speed  of  movement). 

2.  Enter  the  flight  route  as  solid  brown  line. 

3.  Place  an  identifying  legend  in  the  lower 
margm  of  the  chart  in  the  same  manner  aS  the 
low  level  HWD. 

When  local  policies  or  regulations  require 
operational  data  additional  to  that  which  is 


contained  on  the  Form  DD 175-1,  a  section 
containing  appropriate  blocks  for  displaying  the 
information  may  be  appended  to  the  HWD. 

Figure  13-3  is  an  example  of  a  typical  Hori- 
zoTital  Weather  Depiction  (HWD)  chart. 

UPPER  LEVEL  PROGNOSIS 

The  upper  level  prognoses  are  prepared  for  a 
standard  isobaric  surface  nearest  the  flight  level 
with  a  fixed  valid  time  as  near  as  possible  to  the 
mid  time  of  the  flight.  This  chart  supplements 
the  horizontal  weather  depiction  chart. 

The  following  steps  outline  the  procedures  ""-^r 
preparing  an  upper  level  prognosis  chart: 

1.  Draw  contours  for  every  60  meters  up  to 
the  300  mb  level  and  for  every  120  meters  for 
the  300  mb  level  and  above  in  solid  black  lines. 

Use  dashed  intermediate  contours  when 
needed  to  clarify  the  flow.  Double  the  interval 
in  case  of  a  very  tight  gradient.  Label  all 
contours  at  loose  ends  and  above  or  below 
closed  centers  with  height  in  tens  of  meters. 
Contours  may  also  be  labeled  at  any  other 
position  also  as  required  to  make  the  chart  more 
easily  readable. 

2.  Draw  and  label  isotachs  for  every  20 
knots. 

3.  Draw  isotherms  for  the  level  in  increments 
of  5°  C  using  short  dashed  red  lines.  Enclose 
label-value  in  a  square  1-51. 

4.  Show  jet  stream  axis  as  a  heavy  dashed 
purple  line  with  an  arrowhead  to  show  direction. 

5.  Indicate  flight  track  as  solid  brown  line. 

6.  Place  an  identifying  legend  in  the  lower 
margin  of  the  chart  similar  to  the  one  used  for 
the  HWD  chart. 

ROUTE  AND  TERMINAL 
FORECASTS 

Of  all  the  sources  of  weather  information 
available  to  the  weather  office  in  the  continental 
United  States,  Alaska,  and  Hawaii,  undoubtedly 
one  of  the  most  valuable  is  the  teletype  report. 
It  consists  of  sequence  reports,  regional  synop- 
ses, area  forecasts,  winds  aloft  forecasts,  and 
route  and  terminal  forecasts. 

National  Weather  Service  Weather  Service 
Forecast  Offices  (WSFO)  issue  specific  forecasts 
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tor  responsible  areas  at  preseribed  times 
throughout  a  24-hour  periocL  and  these  foreeasts 
are  transmitted  over  the  teletype  in  eode.  using 
many  of  the  sequence  report  symbols,  abbrevia- 
tions, and  contractions. 

For  complete  information  regarding  the  Tor- 
mats  used  and  times  of  issue,  refer  to  the  Flight 
Services  Manual  ATS  71 10.10  part  II. 

Outside  the  continental  United  States,  Alaska, 
and  Hawaii,  these  services  are  provided  on  a 
much  more  limited  basis  and  often  are  not 
available  at  all.  In  those  cases.  Aerographer^s 
Mates  are  required  to  formulate  their  own  route 
and  terminal  forecasts. 

Route  Forecasts 

A  pilot  must  know  the  weather  conditions 
that  now  exist  and  the  forecast  conditions  for 
his  night  route  in  order  to  prepare  an  efficient 
and  safe  flight  plan.  The  information  he  receives 
from  the  weather  office  will  help  him  to  make 
an  ef  ficient  flight. 

The  pilot  and  duty  forecaster  should  study 
various  data   and   discuss  the  weather.  The 
forecaster  must  be  sure  the  pilot  thoroughly 
understands  the  weather  which  he  will  en- 
counter. The  forecaster  and  pilot  should  study 
and  discuss  the  surface  synoptic  charts,  noting 
any  low-pressure  areas  and  fronts  that  are  in  the 
general  area  of  the  flight  route.  Possibility  of  fog 
and  low  stratus  must  be  considered.  Hourly 
sequence  reports  must  be  studied.  The  winds 
alot^t  and  constant  pressure  charts  should  be 
used  in  determining  a  satisfactory  flight  altitude. 
Various  levels  should  be  taken  into  considera- 
tion, since  the  desired  altitude  may  not  be 
granted  by  Air  TrafTic  Control.  Upper  air  sound- 
ing charts  should  be  studied  to  determine  the 
temperature  at  various  altitudes,  thickness  of 
cloud  layers,  icing  conditions,  and  stability  of  air 
masses. 

All  available  forecasts  for  the  flight  route  and 
destination  should  be  read. 

The  route  forecasts  are  issued  by  the  various 
regional  Weather  Service  Forecast  Offices 
(WSFO)  for  the  various  airways  in  the  United 
States.  Ordinarily,  these  route  forecasts  are  of 
the  highest  quality:  nevertheless  they  may  be 
questioned.  In  the  light  of  later  information  or 
developments,  it   may  become  necessary  to 
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augment  or  alter  them  on  occasion.  Outside  the 
United  States  you  will  often  be  required  to 
make  your  own  forecast  for  the  whole  route. 

Terminal  Forecasts 

Terminal  forecasts  for  most  airports  in  the 
United  States  are  issued  several  times  daily  and 
revised  in  the  light  of  further  development  by 
the  regional  Weather  Service  Forecast  Offices 
(WSFO)  and  disseminated  over  the  Service  A 
teletype  network  for  use  in  flight  forecasting. 

li;  the  United  States,  then,  a  flight  forecaster's 
workload  is  greatly  reduced  due  to  the  availabil- 
ity of  terminal  forecasts.  Terminal  forecasts  are 
also  available  at  r^ilitary  stations  on  COMET  11: 
TAF  or  PLATE  code  form  is  used. 

Outside  the  United  States,  terminal  forecasts 
may  not  readily  be  available  although  the 
meteorological  services  of  most  nations  do 
promulgate  terminal  forecasts  in  the  TAF  code 
form.  It  is  aboard  ship  that  terminal  forecasts 
are  least  likely  to  be  available,  and  it  is  then  that 
the  Aerographer's  Mate  must  formulate  his  own 
forecast.  Helpful  details  for  formulating  terminal 
forecasts  may  be  found  in  chapter  10  of  this 
manual  and  Air  Weather  Service  Manual 
105-5 I/I  Terminal  Forecasting. 

Although  the  terminal  forecasts  provided  by 
the  various  meteorological  ,services  are  a  great 
help  to  you  at  all  times,  it  is  inadvisable  to 
accept  all  the  terminal  forecasts  at  face  value. 
Scrutinize  the  forecasts  and  make  such  revisions 
to  them  as  changing  synoptic  features  may 
dictate. 

PRESSURE  PATTERN  FLIGHT 

Soon  after  World  War  II,  a  system  of  flight 
planning,  known  as  pressure  pattern  flying,  was 
popular  as  a  means  of  effecting  minimal  flight 
time  for  long  distances.  For  this  system,  meteor- 
ological personnel  had  to  compute  and  forecast 
D-values,  and  then  construct  D-value  charts. 
Today,  it  is  exceedingly  rare  for  an  Aerograph- 
er's  Mate  to  be  required  to  construct  a  D-value 
chart,  but  it  is  quite  common  for  him  to  have  to 
provide  D-values  for  specific  points  or  areas. 
Consequently,  only  determination  of  D-values 
will  be  discussed  in  this  section. 
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Computing  D-values 

A  D-value  describes  the  height  of  n  pressure 
surface  by  its  departure  from  ''standard'lieight. 

D  =  Z  -  Zp 

Where:  Z  is  the  standard  atmosphere  altitude 
above  mean  sea  level. 

Zp  is  the  actual  altitude  (pressure 
altitude  from  a  radiosonde  sounding)  of  the 
same  point  in  space. 

For  example:  The  height  of  the  700  mb  level 
is  9880  feet  in  the  Standard  Atmosphere.  If  the 
actual  height  of  the  700  mb  level  at  a  certain 
point  is  10,200  feet,  the  D-value  is 

D  =  9880  -  10,200  =  -320  feet 

D-values  are  of  significance  for  aircraft  flying 
with  the  altimeter  set  at  29.92.  In  the  above 
example,  the  altimeter  of  an  aircraft  flying  at 
the  700  mb  level  would  read  9830  feet,  but  its 
actual  altitude  would  be  10,200  feet  above  sea 
level.  Over  water,  its  radar  altimeter  would  read 
the  latter  value. 

Forecasting  D-values 

Forecasting  consists  of  forecasting  the  actual 
height  of  the  given  pre<;sure  surface  and  then 
computing  the  D-value  as  shown  above. 

FLIGHT  LEVEL  WINDS 

Forecasting  flight  level  winds  or  winds  aloft  in 
general  is  an  integral  part  of  flight  forecasting. 
Within  the  co  ntinental  United  States,  Alaska, 
^,vA  Hawaii,  the  t^sk  is  ,somewhat  simplified  in 
that  the  National  Meteorological  Center  regu- 
larly transmits  prognostic  constant  pressure 
charts  and  winds  aloft  charts  on  the  facsimile 
system.  The  facsimile  transmissions  are  further 
supplemented  by  winds  aloft  forecasts  sent  out 
by  the  various  regional  Weather  Service  Forecast 
Offices  (WSFO)  on  the  Service  C  teletype 
system.  These  charts  and  forecasts  may  be  used 
by  flight  briefing  personnel  without  further 
modification  under  most  circumstances,  though 
it  is  a  good  idea  to  constantly  revise  these 


forecasts  in  view  of  developments  occurring 
sometime  in  the  verifying  period.  Outside  the 
continental  United  States,  these  services  may 
not  be  readily  available,  and  it  is  the  purpose  of 
this  section  to  furnish  Aerographer's  Mates  with 
the  knowledge  necessary  to  successfully  forecast 
night  level  winds. 

The  basic  approach  to  forecasting  winds  aloft 
is  to  prognosticate  the  constant  pressure  surface 
nearest  to  the  desired  level  and  extrapolate 
upward  or  downward.  It  is  permissible  to  local- 
ize the  forecast  area  so  long  as  sight  is  not  lost  of 
large  scale  developments  which  might  affect  the 
forecast  point. 

Procedures  for  progging  constant  pressure 
surfaces  are  given  in  chapter  8  of  this  manual. 
The  forecast  wind  can  be  picked  off  the  prog 
chart  by  simply  reading  the  wind  direction, 
measuring  the  gradient,  and  obtaining  the  speed. 

Isothenn-contour  relationships  are  of  value 
when  forecasting  upper  winds  in  that  they  may 
simplify  the  task  a  great  deal  under  certain 
circumstances.  When  the  forecast  wind  direction 
is  easy  to  obtain,  the  speed  may  be  estimated  by 
relating  isotherms  and  contours.  Increasing  wind 
speeds  occur  whenever  the  thermal  gradient 
increases,  as  the  wind  moves  the  isotherms  closer 
together  and  decreasing  wind  speeds  can  be 
safely  forecast  when  the  direction  and  speed  of 
the  wind  and  orientation  of  the  isotherms  is 
such  as  to  spread  the  isotherms  further  apart  as 
illustrated  in  figures  13-4  and  13-5  respectively. 

When  isotherms  and  contours  are  in  phase  and 
parallel,  little  change  in  speeds  and  direction 
need  be  anticipated  in  a  ,short-range  forecast. 


AG.674 

Figure  iS^.-lncreasing  wind  speed  pattern. 
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AG.675 

Figure  13-5.— Decreasing  wind  speed  pattern. 


When  isotherms  and  contours  are  in  phase,  but 
not  parallel,  or  out  of  phase,  the  situation 
should  be  studied  more  closely,  and  the  prog 
should  be  carried  out. 

FLIGHT  WEATHER  BRIEFINGS 

Procedures  for  preparing  HWD  charts;  for 
making  route  and  terminal  forecasts;  for  deter- 
mining pressure  pattern  flight  routes;  and  for 
forecasting  icing,  contrails,  turbulence,  and 
flight  level  winds  have  been  discussed  in  the 
foregoing  sections  of  this  chapter. 

Methods  for  forecasting  ceilings,  v^eather,  and 
visibility  are  discussed  in  chapters  10  and  11  of 
this  manual. 

It  remains  now  to  integrate  the  results  of  the 
procedures  mto  a  flight  briefing  and  to  adapt  the 
briefing  to  the  type  of  operations  planned. 


CONTINENTAL  FLIGHTS 

It  is  the  responsibility  of  the  flight  forecaster 
to  give  the  pilot  a  complete  description  of 
existing  and  expected  weather  along  the  route 
and  at  the  terminals  of  interest.  Upon  the  flight 
forecaster's  interpretation  of  the  weather  will 
partially  depend  the  type  of  clearance  filed  by 
the  pilot.  Meticulous  consideration  of  the  latest 
charts  and  data  are  necessary  for  making  a 
reliable  forecast  for  cross-country  flights.  Air- 
way reports  alone  are  not  to  be  used  as  the  basis 
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for  clearance.  In  briefing,  definite  statements 
must  be  made  regarding  cloud  bases  and  tops, 
freezing  level,  icing  zones,  turbulence,  winds 
aloft,  and  frontal  weather  to  be  encountered, 
and  possible  contingencies  resulting  from  varia- 
tion of  expected  trends. 

Since  each  flight  presents  its  own  peculiar 
problems  in  regard  to  planning  and  weather 
briefing,  it  is  not  possible  to  establish  a  standard 
procedure  for  briefing  that  will  be  complete  and 
adaptable  to  every  case.  However,  experience 
has  shown  that  there  is  usually  a  definite 
sequence  of  thought  that  should  be  followed 
when  briefing  a  pilot.  This  sequence  can  be 
logically  divided  into  the  following  five  general 
steps: 


1.  Give  a  brief  description  of  the  current 
weather  conditions  associated  with  the  line  of 
flight  in  terms  of  ceilings,  visibilities,  cloud 
layers,  winds,  turbulence,  and  icing,  as  may  be 
appropriate.  A  brief  discussion  of  the  synoptic 
situation  as  related  to  the  flight  should  be 
included. 

2.  Give  a  brief  statement  of  the  latest  se- 
lected observations  along  and  near  the  flight 
route. 

3.  Give  a  brief  statement  of  the  forecast 
trends  of  en  route  weather,  identifying  signifi- 
cant changes  as  to  expected  time  of  occurrence, 
and  emphasizing  areas  in  which  severe  weather 
warnings  are  in  effect  or  forecast. 

4.  Give  a  statement  of  the  expected  changes 
at  the  terminal  and  alternate,  relating  significant 
forecast  changes  to  the  expected  time  of  occur- 
rence. 

5.  Point  out  any  alternate  routes,  as  appropri- 
ate, and  discuss  weather  contingencies.  This  is 
the  time  to  volunteer  pertinent  weather  informa- 
tion not  included  in  the  preceding  discussion 
and  to  answer  any  specific  question  the  pilot 
may  have. 

If  the  pilot  requested  an  HWD  chart,  present 
it  at  this  time  and  discuss  the  ''intents  with  the 
pilot. 

Last  but  not  least,  refer  the  pilot  to  the 
various  charts  on  display  and  discuss  them  with 
him. 
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TRANSOCEANIC  FLIGHTS 

Transoceanic  nights  normally  operate  with 
limited  fuel  loads,  and  a  point  of  no  return  is 
computed  by  the  pilot  based  on  the  wind 
forecast.  Therefore,  it  is  essential  that  all  perti- 
nent weather  data  be  available  to  the  pilot  for 
advance  planning. 

The  night  packet  that  is  prepared  for  trans- 
oceanic nights  is  similar  to  the  one  discussed  for 
continental  nights  except  that  a  ditch  heading 
chart  must  be  inckided  for  the  transoceanic 
flight  and  if  requested  a  predicted  altimeter 
setting  chart. 

The  problem  of  obtaining  foreknowledge  of 
pending  nights  is  important.  Inasmuch  as  the 
thought  and  work  which  go  into  a  transoceanic 
night  forecast  must  be  thorough,  night  fore- 
casters should  have  a  minimum  of  2  hours  of 
advance  notice,  although  an  8-hour  notice  is 
desirable  in  order  to  have  the  material  ready  for 
briefing.  This  problem  is  solved  by  close  liaison 
between  meteorological  personnel  and  pilots. 

When  the  forecast  is  complete,  it  is  organized 
in  folder  form  to  be  presented  to  the  pilot  and 
fully  discussed  during  the  briefing.  The  number 
and  size  of  charts  should  be  held  to  a  mmimum 
to  save  space,  and  the  material  should  be 
organized  in  a  neat  and  readily  usable  manner. 


CARRIER  AIRCRAFT  BRIEFINGS 

Flights  of  carrier-based  aircraft  are  normally 
classified  as  operational  and,  as  such,  have 
flexible  weather  minimums  which  are  decided 
upon  by  the  officer  in  tactical  command  (OTC). 
The  deciding  factor  for  conducting  nights  in  the 
event  of  unfavorable  weather  conditions  will 
normally  be  the  importance  of  the  mission.  The 
weather  briefing  of  the  OTC  and/or  the  com- 
manding officer  of  the  carrier  quite  frequently 
will  be  of  considerable  importance  in  deciding 
whether  the  scheduled  night  operations  will  be 
conducted.  However,  do  not  forget  the  pilots. 

While  it  is  obviously  difficult  to  conduct 
briefing  of  the  pilots  for  all  nights  when 
operations  are  being  conducted  around  the 


clock,  by  making  maximum  use  of  readyroom 
briefings,  adequate  briefings  may  be  made.  Most 
aircraft  carriers  now  have  weatliervision  systems 
with  hookups  in  the  readyroonis,  and  excellent 
results  are  being  obtained  through  maximum 
and  efficient  use  of  this  system. 

Aerographer's  Mates  serving  as  night  fore- 
casters must  know  the  type  of  operations  in 
which  his  ship  is  participating  in  order  to  stress 
the  more  important  elements  in  his  forecast. 
Weather  information  for  fighter  aircraft  differs 
from  that  desired  for  ASW  nights  in  that  fighter 
aircraft  normally  ny  at  higher  altitudes  while 
low-level  and  sea  conditions  are  more  important 
to  ASW  operations. 

Normally  a  weather  forecast  for  a  night  is  for 
a  short  period  of  time,  while  the  planning  and 
scheduling  cover  a  much  longer  period.  Aerog- 
rapher's  Mates  will  find  that  their  bicgest 
problem  is  forecasting  24  to  48  hours  ahead  ,so 
that  scheduling  may  be  completed.  A  carrier  can 
move  to  an  area  of  better  weather  while  a  shore 
base  has  to  sit  tight  and  wait  it  out.  Depending 
upon  the  nexibility  of  the  operating  area,  it  may 
be  possible  to  conduct  operations  almost  con- 
tinually by  shifting  to  an  area  where  the  desired 
night  operations  are  feasible. 

Surface  and  upper  winds  are  very  important 
elements  for  carrier  aircraft.  This  is  especially 
true  for  fighter  aircraft  with  only  the  pilot 
aboard  who  may  find  himself  too  busy  to  take 
note  of  the  winds  to  check  his  drift.  Normally, 
the  CIC  of  a  carrier  tracks  all  aircraft  with  radar 
and  gives  bearings  and  distances  to  the  aircraft 
via  radio.  However,  it  is  possible  for  the  ship  to 
lose  contact  with  the  aircraft.  The  aircraft  then 
is  on  its  own  and  may  have  to  rely  on  forecast 
winds  to  navigate  back  to  the  ship. 

Visibility  may  be  important  only  for  launch- 
ing and  landing  aircraft;  however  in  the  case  of 
fighters  or  dive  bombers,  ceiling  and  visibility  in 
the  target  area  are  important.  Radar  has  reduced 
the  visibility  requirement  for  navigation  to  some 
degree.  For  visual  searches,  it  is  still  important. 

Horizontal  Weather  Depiction  charts  for  use 
in  night  are  not  normally  practical  for  carrier 
aircra  ft. 
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SEA  SURFACE  FORECASTING 


The  task  of  tbrecasting  the  various  elements 
concernecl  with  the  sea  surface,  such  as  sea 
waves,  swell  waves,  surf,  and  surface  currents 
will  be  encountered  by  senior  Aerographer's 
Mates  filling  a  variety  of  billets. 

Aboard  earners  sea  condition  forecasts  for 
night  operations,  refueling,  or  underway  replen- 
ishments will  be  provided  on  a  routine  basis. 
Staffs  of  larger  facilities  will  generally  provide 
surf  forecasts  for  amphibious  operations,  while 
at  air  stations  supporting  search  and  rescue 
(SAR)  units,  forecasts  of  sea  conditions  and 
surface  currents  may  be  required  at  times. 

It  is  therefore  important  that  personnel  be 
familiar  with  these  elements  and  be  able  to 
provide  forecasts  as  necessary. 

In  this  chapter  we  will  discuss  these  elements 
as  well  as  methods  that  may  be  utilized  to 
forecast  the  extent  of  them. 

SEA  SURFACE  CHARACTERISTICS 

To  accurately  forecast  sea  conditions  it  is 
necessary  to  understand  the  process  whereby 
waves  are  developed,  the  action  that  takes  place 
as  the  energy  moves,  and  to  have  a  thorough 
understanding  of  the  various  properties  of 
Wdves. 

This  section  of  the  chapter  will  discuss  this 
background  information  and  terminology  used. 
A  complete  understanding  of  these  items  is 
necessary  to  produce  the  most  usable  and 
accurate  sea  condition  forecast. 

BASIC  PRINCIPLES  OF 
OCEAN  WAVES 

Ocean  waves  are  advancing  crests  and  troughs 
of  water  propagated  by  the  force  of  the  wind. 


When  a  wind  starts  to  blow,  the  sea  surface 
instantaneously  becomes  covered  with  tiny  rip- 
ples which  form  more  or  less  regular  arcs  of  long 
radii.  As  the  wind  continues  to  blow,  the  ripples 
increase  in  height  and  become  waves, 

A  wave  is  visible  evidence  of  energy  moving 
through  a  medium,  in  this  case  the  water,  in  an 
undulating  motion.  As  the  energy  moves 
through  the  water,  there  is  little  mass  motion  of 
the  water  in  the  direction  of  travel  of  the  wave. 
This  can  best  be  illustrated  by  tying  one  end  of  a 
rope  to  a  pole  or  other  stationary  object.  W..en 
the  free  end  of  the  rope  is  whipped  in  an  up  and 
down  motion,  a  series  of  waves  move  along  the 
rope  toward  the  stationary  end.  There  is  no  mass 
motion  of  the  rope  toward  the  stationary  end, 
only  the  energy  traveling  through  the  medium, 
in  this  case  the  rope, 

A  SINE  WAVE  is  a  true  rhythmic  progression. 
The  curve  along  the  centerline  can  be  inverted 
and  superimposed  upon  the  curve  below  the 
centerline.  The  amplitude  of  the  crest  is  equal  to 
the  amplitude  of  the  trough,  and  the  height  is 
twice  that  of  the  amplitude.  Sine  waves  are  a 
theoretical  concept  seldom  observed  in  reality. 
They  are  used  primarily  in  theoretical  ground- 
work so  that  other  properties  cf  sine  waves  may 
be  applied  to  other  types  of  waves  such  as  ocean 
waves.  Principles  of  other  types  of  waves  are 
modified  according  to  the  extent  of  deviation  of 
their  properties  from  those  of  sine  waves. 

Waves  which  have  been  created  by  the  local 
wind  are  known  as  SEA  WAVES.  These  waves 
are  still  under  the  influence  of  the  local  wind 
and  are  still  in  the  generating  area.  They  are 
composed  of  an  infinite  number  of  sine  waves 
superimposed  on  each  other,  and  for  this  reason 
they  have  a  large  spectrum,  or  range  of  frequen- 
cies. 
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Sea  waves  are  very  irregular  in  appearanee. 
This  irregularity  applies  to  almost  all  their 
properties.  The  reason  for  this  is  twofold:  First, 
the  wind  in  the  generating  area  (fetch)  is 
irregular  both  in  direction  and  speed:  second, 
the  many  different  frequencies  of  waves  gener- 
ated have  different  speeds.  Figure  14-1  is  a 
typical  illustration  of  sea  waves.  The  waves 
found  in  this  aerial  photograph  are  irregular  in 
direction,  wave  length,  and  speed. 

As  the  waves  leave  the  generating  area  (fetch) 
and  no  longer  come  under  the  influence  of  the 


generating  winds  they  become  SWELL  WAVES. 
For  the  reason  that  swell  waves  are  no  longer 
receiving  energy  from  the  wind,  their  spectrum 
of  frequencies  is  necessarily  smaller  than  that  of 
sea  waves.  They  are  smoother  and  more  regular 
in  appearance  than  sea  waves.  Figure  14-2 
illustrates  typical  swell  vave  conditions. 

PROPERTIES  OF  WAVES 

All  waves  have  the  following  properties  in 
common: 


AG.226 

Figure  14-1.— Aerial  photo  of  sea  waves. 
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Figure  14-2.-Swe!l  waves. 


1.  Amplitude.  The  amplitude  of  a  wave  is  the 
maximum  vertical  displacement  of  a  particle  of 
the  wave  from  its  rest  position.  In  the  case  of 
ocean  waves,  the  rest  position  is  sea  level. 

2.  Wave  Height  (H).  Wave  height  is  the 
vertical  distance  from  the  top  of  the  crest  to  the 
bottom  of  the  trough.  Wave  height  is  measured 
in  feet.  Three  values  for  wave  height  are  deter- 
mined and  forecast.  They  are: 

a.  Hjjyj.  (the  average  height  of  the  waves). 
This  average  includes  all  the  waves  from  the 
smallest  ripple  to  the  largest  wave. 

b.  H^j^  (the  average  height  of  the  highest 
one-third  of  all  waves).  The  significant  height  of 
waves  seems  to  represent  the  wave  heights  better 
than  the  other  values,  and  it  will  be  used  most 
often  for  this  reason. 

c.  H,|,o  (the  average  height  of  the  highest 
one-tenth  of  all  waves).  Hi;io  is  used  to  indicate 
the  extreme  roughness  of  th^i  sea. 


3.  Period  (T).  The  period  of  a  wave  is  the 
time  interval  between  successive  wave  crests,  and 
it  is  measured  in  seconds. 

4.  Frequency  (f)-  The  frequency  of  waves  is 
the  number  of  waves  passing  a  given  point 
during  1  second.  It  is  the  reciprocal  of  the 
period.  In  general,  the  lower  the  frequency,  the 
higher  the  wave;  the  larger  the  frequency,  the 
smaller  the  wave.  This  can  be  seen  when  you 
consider  that  when  at  a  given  point  the  fre- 
quency is  0.05,  considerably  fewer  waves  (there- 
fore larger  waves)  are  pasning  the  point  than  if 
the  frequency  were  0.15. 

5.  Wave  Length  (L).  The  wave  length  is  the 
horizontal  distance  between  two  successive 
crests  or  from  a  point  on  one  wave  to  the 
corresponding  point  on  the  succeeding  wave. 
Wave  length  is  measured  in  feet,  and  it  is  found 
by  the  formula:  L  =  5.12T^. 
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6.  Wave  Speed  (C).  The  wave  speed  is  the  rate 
with  which  a  particular  pha.iC  of  motion  moves 
along  through  the  medium.  It  is  the  rate  at 
which  a  wave  crest  moves  through  the  water. 
There  are  two  speeds  used  in  ocean  wave 
lorccnsting:  group  speed  and  individual  speed. 
Ihc  group  speed  of  waves  is  approximately 
onc-half  that  of  the  individual  speed.  The 
individual  wave  speed  in  knots  is  found  by  the 
lormuhi  C  =  3.03T.  The  group  wave  speed  is 
found  by  the  formula  C  =  1,5 1 5T. 

Definitions  of  Other  Terms 

Other  definitions  with  which  the  Aerograph- 
cfs  Mate  should  be  familiar  are  as  follows: 

L  Wave  Spectrum.  The  wave  spectrum  is  the 
term  which  describes  mathematically  the  distri- 
bution of  wave  energy  with  frequency  and 
direction.  The  spectrum  consists  of  a  range  of 
frequencies. 

2.  Deep  Water.  Water  that  is  greater  in  depth 
than  one-half  the  wave  length. 

3.  Shallow  Water.  Water  that  is  less  in  depth 
than  one-half  the  wave  length. 

4.  Fetch  f F).  An  area  of  the  sea  surface  over 
which  a  wind  with  a  constant  direction  and 
speed  i.s  blowing,  and  generating  sea  waves.  The 
fetch  length  is  measured  in  nautical  miles  and 
has  definite  boundaries. 

5.  Duration  Time  (t).  The  duration  time  is 
the  time  during  which  the  wind  has  been  in 
contact  with  the  waves  within  a  fetch. 

6.  Fully  Developed  State  of  the  Sea.  The 
fully  developed  state  cf  the  sea  is  the  state  the 
sea  reaches  when  the  wind  has  imparted  the 
maxinuini  energy  to  the  waves. 

7.  Non-Fully  Developed  State  of  the  Sea.  The 
non-fully  developed  state  of  the  sea  is  the  state 
of  the  sea  reached  when  the  fetch  or  duration 
time  has  limited  the  amount  of  energy  imparted 
to  the  waves  by  the  wind. 

H.  Steady  State.  The  steady  state  of  the  sea  is 
reached  when  the  fetch  length  has  limited  the 
growth  of  the  waves.  Once  a  steady  state  has 
been  reached,  the  frequency  range  produced  will 
not  change  regardless  of  the  wind. 

9.  Wind  Field.  The  wind  field  is  a  term  which 
refers  to  the  fetch  dimensions,  wind  duration, 
and  wind  speed,  collectively. 


10.  Effective  Duration  Time.  The  effective 
duration  time  is  the  duration  time  which  has 
been  modified  to  account  for  the  waves  already 
present  in  the  fetch  or  to  account  for  waves 
generated  by  a  rapidly  changing  wind. 

11.  E  Value.  E  is  equal  to  the  sum  of  the 
squares  of  the  individual  amplitudes  of  the 
individual  sine  waves  which  go  to  make  up  the 
actual  waves.  Since  it  is  proportional  to  the  total 
energy  accumulated  in  these  waves,  it  is  used  to 
describe  the  energy  present  in  them  and  in 
several  formulas  involving  wave  energy, 

12.  Co-cumulative  Spectra.  The  co-cumulative 
spectra  are  graphs  in  which  the  total  accumu- 
lated energy  is  plotted  against  frequency  for  a 
given  wind  speed.  The  co-cumulative  spectra 
have  been  devised  for  two  situations:  a  fetch 
limited  wind  and  li  duration  time  limited  wind. 

13.  Upper  Limit  of  Frequencies  (f^).  The 
upper  limit  of  frequencies  represents  the  lowest 
valued  frequencies  produced  by  a  fetch  or  that 
are  present  at  a  forecast  point.  This  term  gets  its 
name  from  the  fact  that  the  period  associated 
with  this  frequency  is  the  period  with  the 
highest  value.  The  waves  associated  with  this 
frequency  are  the  largest  waves. 

14.  Lower  Limit  of  Frequencies  (fL).  1  te 
lower  limit  of  frequencies  represents  the  highest 
valued  frequencies  produced  by  a  fetch  or  that 
are  present  at  a  forecast  point.  This  term  gets  its 
name  from  the  fact  that  the  period  associated 
,vith  this  frequency  is  the  period  with  the  lowest 
value.  The  waves  associated  with  this  frequency 
are  the  smallest  waves. 

15.  Filter  Area.  The  filter  area  is  that  area 
between  the  fetch  and  the  forecast  point 
through  which  swell  waves  propagate.  This  area 
is  so  termed  because  it  filti,;s  the  frequencies 
and  permits  only  certain  ones  to  arrive  at  a 
forecast  point  at  a  forecast  time. 

16.  Significant  Frequency  Range,  The  signifi- 
cant frequency  range  is  the  range  of  frequencies 
between  the  upper  limit  of  frequencies  and  the 
lower  limit  of  frequencies.  The  term  significant 
range  is  used  because  those  low-valued  frequen- 
cies whose  E  values  are  less  than  5  percent  of  the 
total  E  value  and  those  high-valued  frequencies 
whose  E  values  are  less  than  3  percent  of  the 
total  E  value  are  eliminated  because  of  insignifi- 
cance. The  significant  range  of  frequencies  is 
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used  to  determine  the  range  of  periods  present 
at  the  forecast  point. 

17.  Propagation.  Propagation,  as  appHed  to 
ocean  waves,  refers  to  the  movement  of  the 
swell  through  the  area  between  the  fetch  and  the 
forecast  point. 

18.  Dispersion.  Dispersion  is  the  spreading  out 
effect  caused  by  the  different  group  speeds  of 
the  spectral  frequencies  in  the  original  disturb- 
ance at  the  source.  Dispersion  can  be  understood 
by  thinking  of  the  different  speeds  of  the 
different  frequencies.  The  faster  wave  groups 
will  get  ahead  of  the  slower  ones;  the  total  area 
covered  is  extended  thereby.  The  effect  applies 
to  swell  only. 

19.  Angular  Spreading.  Angular  spreading  re- 
sults from  waves  travehng  radially  outward  from 
the  generating  area  rather  than  in  straight  Hues 
or  banks  because  of  different  wind  directions  in 
the  fetch.  Although  aP  waves  are  subject  to 
angular  spreading.  tl;e  effect  of  such  spreading  is 
compensated  for  only  with  swell  waves  because 
the  spreading  effect  is  ncghgible  for  sea  waves 
still  in  the  generating  area.  Angular  spreading 
dissipates  energy. 

Wave  Spectrum 

Ocean  waves  are  composed  of  a  multitude  of 
sine  waves,  each  having  a  different  frequency. 
For  explanatory  purposes  these  frequencies  are 
arranged  in  ascending  order  from  left  to  right, 
ranging  from  the  low-valued  frequencies  on  the 
left  to  the  high'valued  frequencies  on  the  right, 
as  illustrated  in  figure  14-3. 

A  particular  range  of  frequencies,  for  in- 
stance, from  0.05  to  0.10,  does  not,  however, 
represent  only  six  different  frequencies  of  sine 
waves,  but  rather  an  infinite  number  of  sine 
waves  whose  frequencies  range  between  0.05 
and  0.10.  Each  sine  wave  contains  a  certain 
amount  of  energy,  and  the  energy  of  all  the  sine 
waves  added  together  is  equal  to  the  total  energy 
present  in  the  ocean  waves.  The  total  energy 
present  in  the  ocean  waves  is  not  distributed 
equally  throughout  the  range  of  frequencies, 
instead,  in  every  spectrum,  the  energy  is  concen- 
trated around  a  particular  frequency  (f^ax)* 
which  corresponds  to  a  certain  wind  speed.  For 
instance,  for  a  wind  speed  of  10  knots  (kt)  f^^^^ 
is  0.248:  for  20  kt,  0.124;  for  30  kt,  0.0825:  for 
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Figure  14-3.— A  typical  frequency  range  of 
a  wave  spectrum. 

40  kt.  0.0619.  Table  2.1,  page  36  in  H.  0.  603, 
gives  the  complete  table  of  f^^^;^  values  and  the 
corresponding  periods  for  wind  speeds,  starting 
from  10  kt.  at  2-kt  intervals.  Notice  that  the 
frequency  decreases  as  the  wind  speed  increases. 
This  .suggests  that  the  higher  wind  speeds  pro- 
duce higher  ocean  waves.  The  table  2.1,  men- 
tioned above,  can  be  graphed  for  each  wind 
speed.  An  example  of  such  a  graph  can  be  found 
on  page  33  of  110.  603. 

It  is  difficult  to  work  with  actual  energy 
values  of  these  sine  waves:  for  this  reason 
another  vakie  has  been  substituted  for  energy. 
This  value  is  the  square  of  the  wave  amplitude, 
and  it  is  proportional  to  wave  energy. 

The  square  of  the  wave  amplitude  plotted 
against  frequency,  for  a  single  value  of  wind 
speed,  constitutes  the  .spectrum  of  waves.  Thus, 
a  graph  of  the  spectrum  ir.  needed  for  each  wind 
speed,  and  the  energy  associated  with  each  sine 
wave  can  be  determined  from  these  graphs.  Each 
wind  speed  produces  a  particular  spectrun",,  and 
the  higher  the  wind  speed,  the  larger  the 
spectrum. 

FORECASTING  SEA  WAVES 

Since  sea  waves  are  in  the  generating  area, 
forecasting  of  them  will  generally  be  most 
important  when  units  are  operating  or  transiting 
an  area  in  close  proximity  to  storm  centers. 

Problems  encountered  in  providing  these  fore- 
casts will  include  accurately  predicting  the  storm 
track  and  ihe  intensity  of  the  winds  that  will 
develop  the  sea  waves. 

In  this  section  we  will  discuss  the  generation 
of  sea  waves,  how  to  most  accurately  determine 
wind  speeds,  and  objective  methods  of  forecast- 
ing sea  waves. 
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GENERATION  AND  GROWTH 

When  the  wind  starts  to  blow  over  a  relatively 
cahii  stretch  of  water,  the  sea  surface  becomes 
covered  with  tiny  ripples.  These  ripples  increase 
in  height  and  decrease  in  trequency  vahie  as  long 
as  the  wind  continues  to  blow  or  until  a 
maximum  of  energy  has  been  imparted  to  the 
water  for  that  particular  wind  speed.  These  tiny 
waves  are  being  formed  over  the  entire  length 
and  breadth  of  the  fetch.  The  waves  formed  near 
the  windward  edge  of  the  fetch  move  through 
the  entire  fetch  and  continue  to  grow  in  height 
and  period,  so  that  the  waves  formed  at  the 
leeward  edge  of  the  fetch  are  superimposed  on 
the  waves  which  have  come  from  the  windward 
edge  and  middle  of  the  fetch.  This  description 
illustrates  that  at  the  windward  edge  of  the  fetch 
the  wave  spectrum  is  small;  at  the  leeward  edge 
of  the  fetch  the  spectrum  is  large. 

These  waves  are  generated  and  grow  because 
of  the  energy  transfer  from  the  wind  to  the 
wave.  The  energy  is  transferred  to  the  waves  by 
the  pushing  and  dragging  forces  of  the  wind. 
Since  the  speed  of  the  generated  waves  is 
continually  increasing,  these  waves  will  eventu- 
ally be  traveling  at  nearly  the  speed  of  the  wind. 
When  this  happens  the  energy  transfer  from  the 
wind  to  the  wave  ceases.  When  waves  begin  to 
travel  faster  than  the  wind,  they  meet  with 
resistance  and  lose  energy  because  they  are  then 
doing  work  against  the  wind.  This  then  explains 
the  limitation  of  wave  height  and  frequency 
which  a  particular  wind  speed  may  create. 

Fully  Developed  Sea 

When  the  wind  has  imparted  its  maximum 
energy  to  the  waves,  the  sea  is  said  to  be  fully 
developed.  The  maximum  frequency  range  for 
that  wind  will  have  been  produced  by  the  fetch, 
and  this  maximum  frequency  riinge  will  be 
present  at  the  leeward  edge  of  the  fetch.  Once 
the  sea  is  fully  developed,  no  frequency  is 
produced  with  a  value  lower  than  that  of  the 
minimum  frequency  value  for  the  wind  speed  in 
question,  no  matter  how  long  the  wind  blows.  In 
brief,  the  waves  cannot  grow  any  higher  than  the 
maximum  value  for  that  wind  speed. 

When  the  sea  is  fully  developed,  the  area  near 
the  windward  edge  is  said  to  be  in  a  steady  state, 


because  the  frequency  range  does  not  increase 
any  more.  If  the  wind  continues  to  blow  at  the 
same  speed  and  from  the  same  direction  for  a 
considerable  period  of  time,  the  major  portion 
of  the  fetch  reaches  the  steady  state. 

Nonfully  Developed  Sea 

When  the  wind  is  unable  to  impart  its 
maximum  energy  to  the  waves,  the  sea  is  said  to 
be  nonfully  developed.  Tlii;>  can  happen  under 
two  circumstances:  (1)  When  the  distance  over 
which  the  wind  is  blowing  is  limited,  that  is, 
when  the  fetch  is  limited;  or  (2)  when  the  wind 
has  not  been  in  contact  with  the  sea  for  a 
sufficient  length  of  time;  that  is,  when  the 
duration  time  is  limited, 

FETCH  LIMITED  SEA,  When  the  fetch 
length  is  too  short,  t!ie  wind  is  not  in  contact 
with  the  waves  over  a  distance  sufficient  to 
impart  the  maximum  energy  to  the  waves.  The 
ranges  of  frequencies  and  wave  heights  are 
therefore  limited  and  the  wave  heights  are  less 
than  those  of  a  fully  developed  sea.  The  process 
of  wave  generation  is  cut  off  before  the  maxi- 
mum energy  has  been  imparted  to  the  waves  and 
the  fetch  is  in  a  steady  state.  This  leads  to  the 
conclusion  that  for  every  wind  speed,  a  mini- 
mum fetch  distance  is  required  for  the  waves  to 
become  *ull  developed,  and  that  if  this  minimum 
fetch  requirement  is  not  met.  the  sea  is  fetch 
limited. 

DURATION  TIME  LIMITED  SEA. -When 
the  wind  has  been  in  contact  with  the  waves  for 
too  short  a  time,  it  has  had  insufficient  time  to 
impart  the  maximum  energy  to  the  waves,  and 
the  growth  of  the  frequency  range  and  wave 
heights  ceases  before  the  fully  developed  state  of 
the  sea  has  conunenced.  Such  a  situation  is 
known  as  a  duration  time  limited  sea.  This  leads 
to  the  conclusion  that  for  every  wind  speed,  a 
minimum  duration  time  is  required  for  the 
waves  to  become  fully  developed;  and  that  if 
this  minimum  duration  time  requirement  is  not 
met,  the  sea  is  duration  time  limited.  The  state 
of  the  sea,  then,  is  one  of  three:  fully  developed, 
fetch  limited,  or  duration  time  limited. 

Table  14-1  shows  the  minimum  wind  duration 
times  and  fetch  lengths  needed  to  generate  a 
fully  developed  state  of  the  sea  for  various  wind 
speeds.  When  the  actual  conditions  do  not  meet 
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these  nimmium  requirements,  the  properties  of 
the  waves  must  be  determined  by  means  of 
graphs  and  formulas. 

DETERMINING  THE  WIND  FIELD 

As  we  have  discussed,  wind  is  the  cause  of 
waves.  It  therefore  stands  to  ;eason  that  in  order 
to  accurately  predict  sea  conditions  it  is  neces- 
sary to  determine  wind  properties  as  accurately 
as  possible.  Miscalculation  of  fetch,  wind  speed, 
or  duration  will  only  lead  to  inaccuracies  in 
predicted  wave  conditions. 

In  this  section  methods  of  determining  the 
wind  properties*  as  accurately  as  possible  with 
data  available,  an  presented. 

Location  of  Fetch 

In  all  cases  the  first  step  toward  a  wave 
forecast  is  locating  a  fetch.  A  fetch  is  an  area  of 
the  sea  surface  over  which  a  wind  with  a 
constant  direction  and  speed  is  blowing.  Figure 
14-4  shows  some  typical  fetch  areas.  The  ideal 
fetch  over  the  open  ocean  is  rectangular,  with 
the  winds  constant  in  both  speed  and  direction. 
As  shown  in  figure  14-4,  most  fetch  areas  arc 
bounded  by  coastlines,  frontal  zones  or  a  change 
in  isobars.  In  cases  where  the  curvature  of  the 
isobars  is  large,  it  is  a  good  practice  to  use  more 
than  one  fetch  area,  as  shov/n  in  figure  144(B). 

Although  some  semipermanent  pressure  sys- 
tems have  stationary  fetch  areas,  and  some 
storms  may  move  in  such  a  manner  that  the 
fetch  is  practically  stationary,  there  are  also 
many  moving  fetch  areas.  Figure  14-5  shows  3 
cases  where  a  fetch  AB  has  moved  to  the 
position  CD  on  the  next  map  6  hours  later.  The 
problem  is  determining  what  part  of  the  moving 
fetch  area  to  consider  as  the  average  fetch  for 
the  6  hour  period. 

In  figure  14-5,  Case  1,  the  fetch  moves 
perpendicular  to  the  wind  field.  The  best  ap- 
proximation is  fetch  CB.  Therefore  in  a  forecast 
involving  this  type  of  fetch,  use  only  the  part  of 
the  fetch  that  appears  on  two  consecutive  maps. 
The  remaining  fetch  does  contain  waves,  but 
they  are  lower  than  those  in  the  overlap  area. 

In  figure  14-5,  Case  2,  the  fetch  moves  to 
leeward  (in  the  same  direction  as  the  wind). 
Since  waves  are  moving  forward  througli  the 


Table  14-1,-«Minimum  fetch  length  (in  nautical 
miles)  and  minimum  duration  time  (in  hours 
needed  to  generate  a  fully  developed  sea 
versus  wind  speed  (In  knots). 
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Figure  14-4.-Typical  fetch  areas. 
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fetch  area,  the  area  to  be  used  in  this  case  is 
retch  CD. 

Case  3,  Hgure  14-5,  depicts  the  fetch  moving 
windward  (against  the  wind).  Since  the  waves 
move  toward  A,  the  region  AC  will  have  higher 
waves  than  the  area  BD.  lixperience  has  shown 
that  in  this  case  AB  is  the  most  accurate  cho'cc 
tor  a  fetch. 

Determining  Accurate  Wind  Speed 


Th 
mine 

ERIC 


he  most  obvious  and  accurate  way  to  deter- 
e  wind  speed  over  a  fetch  is  to  average  the 


reported  values  from  ships.  This  method  has  the 
advantage  of  not  requiring  a  correction  for 
gradients  or  stability.  However,  realistically, 
more  often  there  are  only  a  few  ship  reports 
available  and  ship  reports  are  subject  to  error  in 
observation,  encoding,  or  transmission. 

A  second  way  to  determine  wind  speed  is  to 
measure  the  geostrophic  wind  from  the  isobaric 
spacing  and  then  correct  it  for  curvature  and 
stability.  At  first  it  would  seem  this  would  ba 
less  desirable  due  to  the  extra  time  making', 
corrections.  However,  barometric  pressure  h 
probably  the  most  reliable  of  the  parameters 
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Figure  14-5.-Examples  of  moving  fetches. 


AG.678 


reported  b>  ships  aiul  a  rea,sonably  accurate 
isohaiic  aiialvsis  ^aii  he  niaJe  from  a  niininium 
nuiuhei  of  jcporl.s.  Por  these  reasons  the  cor- 
rected geostrophic  wiiul  is  Lonsiclerecl  to  be  the 
best  measure  of  wind  speed  over  the  fetch, 
e.xccpt  of  course  in  cases  where  there  is  a  den.se 
network  of  ship  reports  where  wind  direction 
and  speed  are  in  good  agreement. 

The  icason  for  concction  to  geostrophic  wind 
is  that  the  isobars  must  be  straight  for  a  correct 
measure  of  the  wind.  When  the  isobars  curve, 
other  forces  enter  nilo  the  Loniputations.  The 
wind  increases  or  decrea.ses  depending  on 
whether  the  system  is  cyclonic  or  antieyclonic  in 
nature.  1"he  stability  correction  is  a  measure  of 
the  turbulence  in  the  layer  above  the  water, 
(old  air  over  warmer  water  is  unstable  and 
highly  turbulent,  making  the  surface  wind  more 
nearly  equal  to  the  geostrophie  wind.  Con- 
versely, warm  air  over  colder  water  produces  a 
stable  air  mass  and  results  in  the  surface  wind 
being  much  smaller  than  the  geostrophie  wind. 

Three  rule^  for  an  approximation  of  the 
curvature  correction  are  as  follows: 

1 .  For  moderately  curved  to  straight  isobars- 
no  correction  is  applied. 

2.  Tor  great  antieyclonic  curvature  add  10 
percent  to  the  geostrophie  wind  speed. 

3.  r or  great  cyclonic  curvature  subtract  10 
percent  from  the  geostrophie  wind  speed. 


In  the  majority  of  cases  the  curvature  correc- 
tion can  be  neglected  since  isobars  over  a  fetch 
area  are  relatively  straight.  The  gradient  wind 
can  always  be  computed  if  more  refined  compu- 
tations are  desired. 

In  order  to  correct  for  air  mass  stability  the 
sea-air  temperature  difference  must  be  com- 
puted. This  can  be  done  from  ship  reports  in  or 
near  the  fetch  area  aided  by  climatic  charts  of 
average  monthly  sea  .surface  temperatures  when 
data  is  too  scarce.  The  correction  to  be  applied 
is  given  in  table  14-2.  The  .symbol  Ts  stands  for 
the  temperature  of  the  .sea  surface,  and  Ta  for 
the  air  temperature. 

Table  14-2.— Air-sea  temperature  difference  correction. 


-  Ta)  Algebraically 

Percent  of 

Subtracted 

Geostrophie  Wind 

0  or  negative 

60 

0  to  10 

65 

10  to  20 

75 

20  or  above 

90 

Determination  of  Wind  Duration 

Once  a  fetcii  lias  been  determined  and  tlie 
wind  .speed  has  been  found,  the  next  step  is  to 
tieterniine  the  c'uration  of  that  wind  over  the 
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fetch  It  In  highl>  iinlikel>  that  tl:e  wind  will 
begin  and  end  at  one  of  the  6  hour  map  times. 
Theretbre  an  accurate  value  must  be  inter- 
polated. In  most  cases  a  simple  interpolation  of 
the  successive  maps  will  be  sufficient  to  locate 
the  bounds  of  the  wind  field  in  space  and  time. 
Determining  how  long  the  wind  iias  blown  is 
relatively  simple  when  the  wind  speed  has  been 
constant  for  the  entire  duration.  If  this  does  not 
occur,  a  representative  duration  must  be  se- 
lected. 

SLOWLY  VARYING  WINM).  Suppose  the 
wind  has  been  blowing  for  24  hours,  with 
velocities  of  10  knots  for  6  hours,  15  knots  for 
12  hours,  and  20  knots  for  6  hours.  The 
duration  is  24  hours  but  the  speed  value  is  in 
question.  The  most  consistent  solution  is  to  use 
three  durations  with  the  corresponding  wind 
speeds  and  work  up  three  successive  states. 

MORli  RAIMD  VARIATIONS.  Suppose  the 
wind  blows  fur  12  hours  and  during  that  time 
increases  in  velocity  from  10  to  20  knots. 
Studies  and  experience  have  shown  that  in  cases 
of  variable  wmds  a  single  value  may  be  assigned 
for  wind  speed  if  the  change  has  been  relatively 
small.  The  following  rules  can  be  applied  under 
these  conditions: 

1.  Average  the  wind  speeds  when  the  ehange 
is  gradual  or  increasnig.  then  decreasing.  Apply 
the  average  to  the  entire  duration. 

2.  Use  tlie  last  wind  speed  when  the  speed 
fl  anges  in  the  first  few  hours,  then  remains 
constant.  Apply  that  speed  to  the  entire  dura- 
tion. 

OBJECTIVE  METHODS  FOR 
FORECASTING  SEA  WAVES 

There  are  a  num^'  :r  of  different  methods  for 
forecasting  sea  waves.  Some  of  the  methods  are 
too  technical  or  lime  consuming  to  be  of 
practical  use  to  Aerographer's  Mates. 

One  of  the  most  complete  methods  is  the 
Pierson-Neuman-James  Method  in  H.  O.  603. 
The  Occtinographic  Services  Section>  Naval 
Weather  Service  Facility,  San  Diego,  has  devised 
a  reduced  version  of  this  method,  incorporating 
the  use  of  graphs  and  worksheets.  Personnel 
with  limited  knowledge  of  technical  theory  can 


become  proficient  in  its  use  with  experience. 
This  method  will  be  discussed  in  this  manual. 

Figure  14-6  illustrates  the  worksheet  which 
will  be  used  with  this  forecasting  technique.  The 
step-by-step  instructions  which  follow  coincide 
with  those  on  the  worksheet. 

STEP  1.  Determine  the  average  wind  speed 
(U)  over  the  fetch  and  enter  this  value  on  the 
worksheet.  Keep  in  mind  that  the  basic  defini- 
tion of  a  fetch  requires  that  the  wind  be  the 
same  speed  throughout  and  the  value  of  wind 
speed  should  be  very  close  to  the  actual  wind  at 
any  point  in  the  fetch. 

STEP  2.  Measure  the  length  of  the  fetch  in 
nautical  miles  and  enter  on  the  worksheet  as  (F). 

STEP  ,3.  Determ.ine  how  long  the  wind  has 
maintained  the  same  speed  as  (U)  by  checking 
back  through  previous  weather  charts.  Enter  the 
number  of  hours  as  (t^ )  on  the  worksheet. 

STEP  4.  Turn  to  sea  and  swell  graphs  la  and 
lb  (figures  14-7  and  14-8).  These  are  two  C.  C. 
S.  duration  graphs.  Graph  la  is  for  wind  speeds 
of  10  to  44  knots  and  lb  is  for  wind  speeds  of 
36  to  56  knots.  Use  appropriate  graph  for  the 
wind  speed. 

Enter  the  graph  with  the  wind  speed  (U)  from 
Step  1  and  the  duration  of  the  wind  (t^)  from 
Step  5.  At  the  intersection  of  the  wind  speed 
and  duration,  go  horizontally  to  the  left  scale 
and  read  the  energy  at  intersection  (E,).  Record 
this  value  on  the  worksheet.  From  the  same 
intersection  go  to  the  bottom  scale  and  read  the 
frequency  at  intersection  (fj).  Record  this  value 
on  the  worksheet. 

STEP  5.  Turn  to  sea  and  swell  graphs  Ic  and 
Id  (figures  14-9  and  14-10).  These  are  two  C.  C. 
S.  fetch  graphs.  Graph  Ic  is  for  wind  speeds  of 
10  to  44  knots  and  Id  is  for  winds  of  36  to  56 
knots.  Use  the  appropriate  graph  for  wind  speed 
(U)  found  in  Step  I. 

Enter  the  graph  with  the  wind  speed  (U)and 
fetch  length  (F).  At  the  intersection  of  these 
values  go  horizontally  to  the  left  scale  and  read 
the  energy  at  intersection  (E,).  Record  this  value 
on  the  worksheet.  From  the  same  intersection 
go  to  the  bottom  scale  and  read  the  frequency  at 
intersection  (f,).  Record  this  value  on  the 
worksheet. 


ERIC 


502 

508 


Chapter  14-SEA  SURFACE  FORECASTING 


SEA  WORKSHEET 

FETCH  //  DTG  CHART  /   DATE  

*********************************************************** 

Observed  or  Forecast  Parameters 

1.  Wind  Speed  over  Fetch  U  «  kts. 

2.  Fetch  Length  F  =  mi. 


3.  Duration  of  Wind  =  hrs. 

******************************;V************X*************A***g*****************i* 

Graphical  Calculations 


Step 
No. 

Enter  Sea  & 
Swell  Graph 

With 

And  Read 

A* 

la  or  lb 

U  from  step  1  and  t^j  from  step  3. 

E^  ft^ 
f  i  cps 

5* 

Ic  or  Id 

U  from  step  1  and  F  from  step  2. 

Ei  ft^ 
f  £  cps 

6 

None 

unooac  cne  smaxxer  C04  irom  seeps  m  0  j| 
along  with  its  corresponding  f^. 

r.^  ft 
f  i  cps 

7 

None 

If  the  f£  chosen  in  step  6  lies  to  the 
left  of  fjnajj  on  the  CCS  Graph,  then  f^ 
is  the  same  as  fi.     If  not,  go  on  to 
next  step. 

f  u  cps 

8 

2 

If  f£  chosen  in  step  6  lies  to  the  right 
of  fjrjax  on  the  CCS  Graph,  enter  Graph  2 
with  f£  and  read  f^ 

fy  cps 

9 

3 

E£  from  step  6. 

.03Ei  ft^ 

10 

1 

a>b,c,  or  d 

U  from  step  1  and  .03E£  from  step  9. 

fL  cps 

11 

fy  from  step  7  or  8.    Repeat  for  f^ 
from  step  10. 

Tu  sec 
T^  sec 

12 

5 

U  from  step  1  and  f£  from  step  6. 

Tgyg  sec 

13 

6a  or  6b 

E£  from  step  6. 

"avg  ft 
Hl/3  ft 
Hl/10  ft 

*If  no  intersection  of  U  and  tj  or  U  and  F  occurs  with  the  values  found  in 
steps  1,  2,  and  3,  then  the  sea  is  fully  developed.    Go  to  the  fully 
developed  sea  table  and  read  T^,  T^,  T^^^^,  H^^^^,  Vl^-^,  and  Hj^/io  directly. 


Figure  14-6.-Sea  worksheet  AG.679 
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Figure  14-7.-Sea  and  swell  graph  la.  Distorted  C.  C.  S.  (duration  graph-wind  speeds  10-44  knots). 
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Cll.'l 


Figure.  14-8.-Sea  and  $well  graph  lb.  Distorted  C.  C.  S.  (duration  graph-wind  speeds  36-56  l<nots). 
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Figure  14-9.— Sea  and  swell  graph  1c.  Distorted  C.  C.  S.  (fetch  graph-wind  speeds  10-44  knots). 
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STEP  6.  Exaiiiinc  the  E,  values  found  in  Step 
4  and  Step  5.  Chose  the  smaller  value  of  E,  and 
its  associated  f,.  Record  these  values  for  Step  6 
on  the  worksheet,  and  use  these  values  as 
required  for  all  further  steps. 

NOTE:  The  duration  line  on  the  C.  C.  S, 
duration  graph  may  not  be  long  enough  to 
intersect  the  wind  speed  line.  DO  NOT  EX- 
TEND OR  EXTRAPOLATE  THE  DURATION 
LINE  IN  ANY  WAY.  The  fact  that  the  duration 
Ime  does  not  reach  all  the  way  to  the  wind  speed 
line  means  that  the  sea  state  is  not  duration 
limited.  In  this  case  there  is  no  intersection  and 
no  value  of  E,  or  f,  can  be  recorded  on  the 
worksheet. 

The  same  siluation  can  occur  with  the  fetch 
length  line  on  the  fetch  graphs.  If  so,  it  means 
that  the  sea  state  is  not  fetch  limited. 

If  only  one  of  the  graphs  has  an  intersection 
use  that  value  of  E,  and  f,  for  further  steps 
without  concern  for  a  smaller  E,. 

If  neither  of  the  graphs  has  an  intersection, 
the  sea  is  fully  developed  and  no  further 
computations  are  required.  Go  directly  to  table 
14-3  for  fully  developed  sea  and  read  the  values 
for  period  (T)  and  wave  height  (H). 

STEP  7.  If  the  interseetion  chosen  in  Step  6 
lies  to  the  left  of  the  dashed  line  labeled  f^^x 
then  the  upper  frequency  (0  will  be  the  same  as 
the  value  off,  found  m  Step  6.  Record  the  value 
of  f,  as  1\,  on  the  worksheet.  If  the  intersection 
lies  10  the  right  of  the  f„,^^  line,  then  go  on  to 
Step  8  to  determine  \\^ . 

STEP  8.  If  the  intersection  chosen  in  Step  6 
lies  to  the  right  of  the  line  labeled  fj^j^x.  t'^^" 
turn  to  sea  and  swell  graph  2.  figure  14-11. 

On  the  skeletonised  C.  C\  S.  graph  depicted  in 
figure  14-12.  the  intersection  lies  to  the  right  of 
the  f„^a^  line. 

Enter  the  left  side  of  sea  and  swell  graph  2 
With  the  frequency  at  intersection  (\\)  and  go 
across  hori/,ontall>  to  the  diagonal  line.  From 
this  point  move  vertically  downward  to  the 
bottom  of  the  graph  and  read  the  value  of  the 
upper  frequency  (f^).  Record  this  value  on  the 
worksheet. 


STEP  9.  Turn  to  sea  and  swell  graph  3,  figure 
14-13,  Enter  the  left  side  of  the  graph  with  the 
energy  at  intersection  (E,)  found  in  Step  6,  Go 
horizontally  to  the  right  to  the  bent  diagonal 
line.  From  this  point  move  vertically  downward 
to  the  bottom  scale  of  the  graph  and  read  the 
value  of  3  percent  of  E.  Record  this  value  in  (he 
space  marked  .03E,  on  the  woiksheet. 

STEP  10.  Return  to  the  C.  C.  S.  graph  having 
the  intersection  found  in  Step  6>  (This  will  be 
one  of  the  sea  and  swell  graphs,  figure  14-7, 
14-8,  14-9,  or  14-10,)  Enter  the  left  side  of  the 
graph  at  the  E  scale,  with  the  value  of  .03Ej 
found  in  Step  9.  Go  horizojitally  to  the  wind 
speed  line  (U)  found  in  Step  \\  From  that  point 
move  vertically  downward  to  the  f  scale  at  the 
bottom  of  the  graph  and  read  the  value  at  the 
lower  frequency  (\\  ),  Record  this  value  on  the 
worksheet. 

STEP  II.  Turn  to  sea  and  swell  graph  4. 
figure  14-14.  Enter  the  left  side  of  the  graph 
with  the  value  of  upper  frequency  {\\^)  found  in 
step  8.  Go  horizontally  across  to  the  curved  line, 
then  vertically  downward  to  the  bottom  scale. 
Read  the  value  of  the  upper  period  (T„)  and 
record  it  on  the  worksheet. 

STEP  12.  Turn  to  sea  and  swell  graph  5-, 
figure  14-15.  Enter  the  graph  with  the  valuesof 
wind  speed  (U)  found  in  Step  I  and  frequency 
at  intersection  (f,)  found  in  Step  6.  Instructions 
for  the  use  of  this  graph  are  found  in  the  lower 
right  corner.  Follow  these  directions  and  read 
the  value  of  the  average  period  (Tj,vj.).  Record 
this  value  on  the  worksheet. 

STEP  I  3.  Turn  to  sea  and  swell  graphs  6a  and 
6b,  figures  14-16  and  14-17.  These  graphs  are 
the  same  except  that  6b  is  a  blow-up  version  of 
6a.  to  give  a  more  accurate  result  when  working 
with  small  values.  Enter  the  graph  with  the 
energy  at  intersection  (Ej)  found  in  Step  6.  If 
the  E,  value  is  less  than  10  ft-  use  graph  6b  (fig. 
14-17).  If  greater  than  10  ft-  use  graph  6a  (fig, 
14-16).  Follow  the  instructions  printed  at  the 
top  of  the  graph  to  get  characteristic  wave 
heights.  This  will  have  to  be  repeated  three 
times;  once  to  get  Hyyj,;once  to  get  Hiand  once 
to  get  H.  Record  these  values  on  the  worksheet. 
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Table  14-3. -Wind  and  sea  scale  for  fully  arisen  sea. 


0  . 

S«A  lika  A  mirror. 

U 

CAlm 

Laaa  thAi  _ 

0 

0 

0 

0 



■ 



Itlpplaa  wiih  th«  App««r«QC«  of  ncal** 
ftra  formtd.  bvtt  without  (o«m  crattt. 

1 

Ughl 
Alra 

1  -  3 

2 

0.05 

o.ot 

0.  10 

1.2  aac 

.7 

0.5 

10  Ia. 

5 

18miQ 

1 

SnvkU  «4v«Ut«,  atUl  ib?rt  but  mora 
^ronouacad;  cr«iu  hAv«  a  (l«t«r 
App««r4nc«.  but  do  not  br««k. 

I 

Ught 
BrMva 

5 

0  29 

}*  37 

LO 

1.4 

^7ft 

8 

39  mia 

LArga  ««v«l«tt.  cr«fti  b«ti«  to  br«Ak. 
FoAm  of  |U«ty  App«Ar«ac«.  P«rbAp« 
icAttarad  whit*  hor**i. 

i 

.  Braasa 

7  -  10 

t.S 

O.fr 

1.0 

1.2 

0-8-5.0 

J.  4 

2.4 

20 

9.8 

1.7hra 

10 

O.tl 

1.4 

1. 1 

1.0-6.0 

\ 

4.  8 

2.  9 
3.4 

27 
40 

10 
18 

2.  4 
3.8 

1 

SmiU  w«v«t»  b«ComtO|  Ur|*r;  Uirly 
fr*qu*nt  whit*  horta*. 

4 

ModarAta 

ll-lb 

12 

13.5 

1.4 
1.8 

2.2 
2.9 

2.8 

3.  7 

1.0-7.0 
1.4-7.6 

5.4 

3.9 
4.  0 

52 
59 

24 
28 

4.1 

5.2 

i 

14 

tb 

2.0 
2.9 

3.3 
4.  b 

4.2 
5.  t 

1,  5-7.8 

2.  0-8. 8 

5.  6 

6.  5 

6.  6 

4 

Mod*rAt*  w«v**»  t«k20|  A  mor*  pro- 
aouaccdtoni  form;  tfuoy  whit*  bori*i 
tr*  (ormid. ICh«nc*  of  lom*  iprAv). 

s 

Fraab 
Dravsa 

17-21 

18 

3.i 

6.1 

7.8 

2.5-10.0 

7.2 

5.  I 

90 

55 

8.  3 

19 

4.3 

b.  9 

8.7 

2.  8-10.6 

7.7 

5.'* 

99 

65 

9.2 

20 

5.0 

8.0 

Vf 

3.0-11.1 

8.  1 

5.7  ' 

111 
134 

75 
100 

10 
12 

s 
k 

7 

L^rg*  WAV**  b*tlo  to  form:  th*  white 
foAm  cr*it*  Ar*  mor*  «Jit*D*iv«  *v*ry* 
wh*r*.  (ProbAbly  ^om*  aprAy). 

b 

Strong 
Brcas* 

22-27 

^2 
24 

6.4 

7.9 

10 
12 

13 
16 

3.4-12.2 
3.7-13.5 

8.9 

9.7 

6.8 

160 

130 

14 

24.5 

t.2 

13 

17 

3,  8-13.6 

9.9 

7.0 

IM 

140 

15 

2b 

9.  b 

15 

20 

4.0-14.5 

10.5 

74 

188 

110 

17 
20 

S«A  b«*p*  up  Aod  whtt*  foAm  from 
br*Akto|  WAV**  b«|ina  to  b*  blown  io 
*tr*AV(t  Along  tJi*  dir*ctioo  of  lb*  wind* 
(Spindrift  b*f  ina  to  b*  aaan). 

7 

Moda  r  At* 
CaIa 

2t 

30 

1 1 
14 

It 

2i 

23 
18 

4.5-15.5 
4.7.:6.7 

11.  3 

12.  1 

7.  9 

8.  6 

212 
250 

230 
280 

23 

30.  i 

14 

23 

29 

4.  8-17.0 

12.4 

1.7 

258 

290 

24 

it 

lb 

It 

33 

5.0-17.5 

1  12.9 

9.  1 
9.7 

£85 
122 

340 
420 

27 
30 

ModarAialy  MgK  wAvaa  of  graAtar 
i«ngth.adgaa  of  craat*  braAk  lAto  apin- 
drilu   Tha  foAm  la  blown  Id  wall 
mArkad  ttraAka  Along  tba  dlraction  of 
tha  wind.   SprAy  affacta  viaibUtty 

t 

Fraab 
Ca1« 

34-40 

U 

19 
21 

30 

38 
44 

5.5-11.5 
5.1-19.7 

13.6 
14.5 

10.  > 

163 

500 

34 

37 

23 

37 

46.7 

6.  20.  5 

14.9 

10.5 

376 

530 

37 

31 

25 

40 

SO 

6.  2-20.8 

15.4 

10.7 

392 

600 

38 

40 

2t 

45 

58 

6.5-21.7 
-  7-23 

16.  1 

11.4 

12.0 

444 

49Z 

710 
ilo 

42 

47 

t 

High  wAvaa,  Danaa  atraAka  vf        >  ^ong 
tha  direction  of  th«  wind.    S«a  bagtna  to 

Sti'Ong 
CAla 

4i-a7 

\1 
44 

l\ 
3b 

51 

73 

7-24.  2 

17.  Y 

12.5 

534 

960 

52 

4b 

40 

64 

81 

7-25 

18.6 

13.  1 

-n.i 

590 

1110 

iUo 

57 
6i 

Vary  high  wAvcs  vitb  loag  ov«rhAnging 
craata.    Tba  raaulting  foAm  La  lo  grAAt 
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The  objective  technique  of  forecasting  .sea 
waves  is  completed  with  determining  of  sea 
height  computations  in  the  preceding  manner. 

The  manner  of  presentation  of  the  wave 
information  to  the  user  can  be  determined  on 
the  local  level  lo  the  satisfaction  of  the  organiza- 
tions involved. 

FORECASTING  SWELL  WAVES 
In  the  preceding  portion  of  this  chaptei  we 
have  discussed  the  principles  of  sea  waves  and 


methods  of  forecasting  them.  With  sea  wave 
forecasting  we  are  considering  the  point  for 
which  we  are  forecasth.g  to  be  within  the 
generating  area,  with  the  wind  still  blowing. 
This,  however,  will  not  be  the  problem  in  the 
majority  of  the  forecasts  that  will  be  required. 
Normally  the  point  for  which  the  forecast  is 
prepared  will  be  outside  of  the  fetch  area; 
therefore  it  will  be  necessary  to  determine  what 
effect  the  distance  traveled  is  going  to  have  on 
the  waves.  In  this  section  we  will  discuss  the 
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Figure  14-11.-S8a  and  sv/ell  graph  2. 
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Figure  14.12.-Skeletonized  C.  C.  S.  graph  showing  major  lines. 
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.03E  (FT 2) 


Figure  14-13.-Sea  and  swell  graph  3, 
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basic  principles  of  swell  waves  as  well  as  an 
objective  method  of  determining  what  changes 
will  tai<e  place  in  the  spectrum  of  waves  as  they 
traverse  from  the  generating  area  to  the  forecast 
point. 

GENERATION  OF  SWELL  WAVES 

After  a  sea  state  has  been  generated  in  a  fetch, 
there  are  many  different  wave  trains  present 
with  different  periods,  most  of  which  are  mov- 
ing out  of  the  fetch  in  slightly  different  direc- 
tions. Because  of  these  different  periods  and 
slight  differences  in  direction,  the  propagation 
of  swell  waves  follows  two  fundamental  proc- 
esses. These  processes  are  dispersion  and  angular 
spreading. 


Dispersion 

An  accepted  fact  about  wave  travel  is  that  the 
waves  with  higher  periods  move  faster  than 
waves  with  shorter  periods.  The  actual  formula 
for  the  speed  of  the  wave  train  is 

C  =  i.5i5T 

where  C  is  the  speed  of  the  wave  train  and  T  is 
the  wave  period  in  the  wave  train. 

All  of  the  different  wave  trains  (series  of 
waves  all  having  the  same  period  and  direction 
of  movement)  in  the  fetch  can  be  compared  to  a 
group  of  long  distance  runners  at  a  track  and 
field  meet.  At  first  all  of  the  runners  start  out  at 
the  starting  line  at  the  same  time.  As  they 
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Figure  14-1 8- Angular  spreading. 


continue  on.  liowever.  the  taster  runners  ir.ove 
ahead  and  the  slower  runners  begin  to  tall 
behind.  Thus  the  field  of  runners  begins  to  string 
out  along  the  direction  of  travel.  The  wave  trains 
leaving  a  fetch  do  the  same  thing.  The  stringing 
out  of  the  various  groups  of  'vaves  is  called 
di.spersion. 

In  a  swell  forecast  problem  it  is  necessary  to 
determine  which  wave  trains  have  already  passed 
the  forecast  point  and  which  ones  have  not  yet 
arrived.  After  this  has  been  determined,  the 
wave  trains  which  are  left  are  the  ones  that  are 
at  the  forecast  point  at  the  time  of  observation. 

Angular  Spreading 

As  the  wave  trains  leave  the  fetch,  they  may 
leave  at  an  angle  to  the  main  direction  ol  the 


wind  in  the  fetch.  Thus,  swell  waves  may  arrive 
at  a  forecast  point  even  though  it  may  lie  to  one 
side  of  the  main  line  of  direction  of  the  wind. 
This  process  of  angular  spreading  is  depicted  in 
figure  14-18. 

The  problem  in  swell  forecasting  is  to  deter- 
mine how  much  of  the  swell  will  reach  the 
forecast  point  after  the  waves  have  spread  out  at 
angles.  This  is  accomplished  by  measuring  the 
angles  from  the  leeward  edge  of  the  fetch  to  the 
forecast  point.  These  angles  must  be  measured  as 
accurately  as  possible  and  are  determined  by  the 
following  rules.  Figure  14-19  illustrates  the 
procedure. 


1.  Draw  the  rectangular  fetch. 
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Figure  14-19.-Measurements  of  angles  for 
angular  spreading. 


2.  Extend  the  top  and  bottom  edge  of  the 
fetch  outward  parallel  to  the  main  direction  of 
the  wind.  This  is  shown  as  dashed  lines  in  figure 
14-19.  ^ 

3.  Draw  Hnes  from  the  top  and  bottom  edges 
of  the  fetch  to  the  forecast  point. 

4.  The  angles  to  the  forecast  point  are  desig- 
nated Theta  3  (03)  and  Theta  4  (04).  Theta  3  is 
measured  from  the  top  edge  of  the  fetch  and 
Theta  4  from  the  bottom  edge. 

5.  Any  angle  which  hes  above  the  dashed  line 
is  negative  while  any  angle  that  lies  below  the 
dashed  line  is  positive. 


After  the  angles  Theta  3  and  4  have  been 
measured  thay  are  converted  to  percentages  of 
the  swell  which  will  reach  the  forecast  point. 


This  conversion  is  made  by  entering  sea  and 
swell  graph  7,  figure  14-20,  with  the  positive  or 
negative  angles  and  reading  the  corresponding 
percentage,  directly.  The  percentages  are  then 
subtracted  ignoring  the  plus  or  minus  to  find  the 
angular  spreading. 

OBJECTIVE  METHOD  FOR 
FORECASTING  SWELL  WAVES 

A  number  of  terms  used  in  dealing  with 
torecasting  sea  waves  will  be  used  again  in  this 
process;  however,  a  number  of  new  terms  will  be 
introduced.  Table  14-4  lists  most  of  these  terms 
with  their  associated  symbol  and  definition. 

As  with  objective  forecasting  of  sea  waves  a 
worksheet  will  be  utdi'^ed  in  this  procedure.  The 
worksheet  is  shown  in  figure  14-21. 

The  following  specific  steps  for  forecasting 
swell  waves  coincides  with  the  steps  on  the 
worksheet. 

STEP  I.  Determine  the  average  wind  speed 
over  the  fetch  and  enter  this  value  on  the 
worksheet  as  (U). 

STEP  2.  Determine  how  long  the  wind  has 
maintained  the  same  speed  as  U  by  checking 
back  through  previous  weather  charts.  Enter  the 
number  of  hours  (t^, )  on  the  worksheet. 

STEP  3.  Measure  the  great  circle  distance 
from  the  forecast  point  to  the  near  edge  of  the 
fetch.  Enter  this  distance  in  miles  as  the  decay 
distance  (D)  on  the  worksheet. 

STEP  4  Measure  the  length  of  the  fetch  in 
nautical  miles  and  enter  this  value  on  the 
worksheet  as  (F).  The  measurement  must  be 
made  parallel  to  the  wind  direction  over  the 
fetch. 

STEP  5.  From  the  sea  worksheet  determine 
the  upper  limit  of  the  period  in  the  fetch  (T  ). 
Record  this  value  on  the  swell  worksheet.  " 

STEP  6.  Using  the  procedure  explained  previ- 
ously, measure  the  angles  Theta  3  and  4  Enter 
sea  and  swell  graph  7  (fig.  14-20),  with  angles  in 
degrees  and  read  their  corresponding  percentage 
values.  Record  these  percentage  values  on  the 
worksheet. 

STEP  7.  Subtract  the  smaller  percentage 
tound  in  Step  6  from  the  larger.  The  result  is  the 
angular  spreading  factor  (A,).  Record  this  value 
on  the  worksheet. 


ERLC 


518 


524 


ClianlcrH-  SEA  SURFACU  FORECASTING 


(6  in  DEGREES) 


AG.693 


Figure  14-20.-Sea  and  swell  graph  7. 


STEP  8.  Turn  to  sea  and  swell  graph  9,  figure 
14-22.  Enter  the  left  side  of  the  graph  with  the 
upper  period  (T„)  found  in  Step  5.  Enter  the 
bottom  of  the  graph  with  deeay  distance  (D) 
found  in  Step  3.  Move  to  the  right  from  T^  and 
upward  from  D  and  at  the  intersection  read  the 
travel  time  for  the  first  wave  (t„)  in  hours  on  the 
forecast  sheet.  This  is  the  time  it  takes  for  the 
first  swell  wave  to  arrive  at  the  forecast  point. 


STEP  9.  Add  the  number  of  hours  for  the 
first  wave  to  arrive  to  the  DTG  of  the  weather 
chart  used  to  draw  the  fetch  and  the  result  will 
be  the  forecast  time  of  arrival  of  the  first  wave. 
Record  this  value  on  the  worksheet. 

STEP  10.  Fill  in  the  decay  table  on  the 
worksheet.  The  following  preliminary  di.scussion 
is  given  to  provide  the  forecaster  with  a  better 
understanding  of  the  use  of  the  decay  table. 
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SWtLL  WOKKSHfcfcl 
FETCH  if  DTG  CHART  / 

Observed  or  Forecast  Parameter. 

1.  Wind  Speed  over  Fetch: 

2.  Wind  Duration 

3.  Decay  Distance 

4.  Fetch  Length 

5.  Upper  Limit  of  Periods  in  Fetch 


U  » 


kts 


hrs 


D 
F 

T..  = 


mi 


mi 


sec 


Step 
No. 

Enter  Sea  & 
Swell  Graph 

With 

And  Read 

6. 

7 

©3  and  '^^  measured  from  map 

>3  % 

7. 

None 

Subtract  the  small  percentage 
found  in  step  6  from  the  larger 

Angular  Sprc.ding  Factoi 
As                   "  % 

8. 

9 

T^^  from  seep  5  and  D  from  step  3 

Travel  time  for  first 
wave 

^0  hrs 

9. 

None 

Add  to  from  step  8  to  the  DTG  of 
the  chart  for  time  of  arrival  of 
first  waves. 

ETA         /  z 
or  .  /  local 

10.  Fill  in  Decay  Table: 


E2 

h 

"l 

^1 

i 

6E 

Eo 

"avg 

"l/3 

h/io 

to 

Co  +  6 

C„  +  12 

t„  +  IR 

Co  +  2i 

Co  +  30 

Co  +  36 

Cq  +  A2 

Cq  +  48 

Figure  14-21.-Swell  worksheet. 
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Table  14-4.~Sea  wave  terminology. 

Name 

Symbol  and 
Dimension 

Definition 

Decay  distance 

(D)  Miles 

Distance  from  point  of  forecast  to  the  leeward 
(downwind)  edge  of  the  fetch. 

Decay  index 

/IT      /LI  \ 

Pofir*    nf    fit»pn  w»tpr  wnvp  lieiffllt  tO  fetcll  wavC 

height. 

Deen  water  wave  heiiiht 

(H„)  Feet 

Height  of  waves  after  leaving  the  generating 
fetch  but  before  reaching  shallow  water  to 
become  surf.  (Swell  height). 

Travel  time 

(to)  Hours 

Length  of  time  necessary  for  waves  to  travel 
decay  distance  (D). 

Exact  instructions  for  filling  in  the  decay  table 
follow  the  discussion. 

When  swell  waves  reach  a  forecast  point  some 
distance  away  from  the  generating  area,  the 
waves  do  not  arrive  all  at  once.  Instead  they 
gradually  build  up  to  a  maximum  height  over  a 
period  of  hours,  then  slowly  decrease.  Because 
of  this,  a  swell  forecast  should  actually  be 
several  forecasts,  one  for  every  few  hours  show- 
ing the  increasing  heights  and  then  the  decreas- 
ing heights  as  the  swell  lowers.  The  decay  table 
is  designed  to  do  this.  It  is  done  by  forecasting 
the  swell  height  at  the  time  of  arrival  of  the  first 
wave,  then  the  swell  heights  for  every  6  hours 
thereafter  for  the  next  48  hours.  The  time  of 
each  forecast  is  in  the  t^^,  column  of  the  decay 
table.  The  actual  number  in  the  t^^  ^o\\xnm  is 
the  number  of  hours  after  the  DTG  of  the  map 
showing  the  generating  area  (fetch). 

In  order  to  forecast  the  height  of  the  swell  at 
a  given  t^,^,  time,  it  is  necessary  to  know  how 
much  of  the  wave  energy  has  already  passed  the 
tbrecast  point  and  how  much  has  not  arrived. 
That  energy  which  is  left  is  the  energy  at  the 
forecast  point  and  from  this  the  wave  heights 
can  be  known.  The  decay  table  does  this  by 
computing  the  frequency,  period,  and  energy 
values  just  passing  the  forecast  point  (fi ,  T| , 
E,):  computing  the  frequency,  period,  and 
energy  values  just  arriving  at  the  forecast  point 
(f2i  E2):  and  subtracting  the  arriving  energy 
from  the  leaving  energy.  The  result  is  the  energy 


left  at  the  forecast  point  if  there  is  no  angular 
spreading.  To  account  for  angular  spreading,  the 
angular  spreading  factor  A,  is  multiplied  by  the 
remaining  energy  at  the  forecast  point  and  from 
this  the  wave  heights  are  computed  for  the  given 
time. 

Steps  for  filling  in  the  decay  table  are  given 
for  each  column  as  follows: 

1.  t^ji,  Column.  Write  the  value  of  the  travel 
time  of  the  first  wave  (t^)  (found  in  Step  8  on 
worksheet)  as  the  first  number  in  the  t^^ 
column.  Each  succeeding  number  down  the 
column  should  be  6  hours  larger  than  the 
number  before  it. 

2.  f2  Column.  Turn  to  Sea  and  Swell  Graph 
10,  figure  14-23.  Enter  the  left  side  of  the  graph 
with  the  adjacent  value  of  the  t^^,.  Move 
horizontally  to  the  right  and  intersect  a  slanted 
line  of  value  equal  to  the  decay  distance  (D), 
found  in  Step  3  on  the  worksheet.  From  that 
intersection  move  downward  to  the  bottom  of 
the  graph  and  read  the  value  of  f2.  Repeat  this 
process  for  each  value  of  t^^^j. 

3.  T2  Column.  Turn  to  sea  and  swell  graph  4, 
figure  14-14.  Enter  the  left  side  of  the  graph 
with  the  adjacent  value  f2.  Move  horizontally 
right  to  the  curved  line,  then  vertically  down- 
ward to  the  bottom  scale.  Read  the  value  of  T2. 
Repeat  this  process  for  each  value  in  the  f2 
column. 
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Figure  14-23.-Sea  and  swell  graph  10. 
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4,  E2  Column.  Turn  to  any  of  the  CCS 
graphs  (figures  14-7,  14-8,  14-9,  or  14-10) 
having  the  value  of  the  wind  speed  (U)  from 
Step  1.  Enter  the  f  scale  at  the  bottom  of  the 
graph  with  the  adjacent  value  of  U  'roni  the  U 
column.  Go  vertically  upward  to  the  wind  speed 
line  (U).  From  this  point  move  horizontally  to 
the  left  and  read  E2  from  the  E  scale.  Repeat 
this  process  for  each'^value  of  \\ . 

5-  tob'^d  Column.  The  value  of  the  wind 
duration  was  written  in  Step  2  of  the  worksheet. 
Subtract  tj  from  each  adjacent  value  of  i^^. 
Write  the  result  of  each  of  these  subtractions  in 
the  t(j|j-tj  column. 

EXCEPTION:  If  the  fetch  has  been  moving  to 
the  leeward  at  nearly  the  same  speed  as  the 
wind,  and  then  the  wind  suddenly  stops,  then  the 
tob-td  column  becomes  a  repeat  of  the  t^,i, 
coUmm  without  subtracting  tj . 

6.  f,  Column.  Turn  again  to  i>ea  and  swell 
graph  10  (fig.  14-23).  Enter  the  left  side  of  the 
graph  with  the  number  found  in  the  adjacent 
^ob'^d  column.  Move  horizontally  to  the  right 
and  intersect  the  slanted  line  marked  with  the 
decay  distance  (D)  in  miles  found  in  Step  3. 
From  that  intersection  move  downward  to  the 
bottom  of  the  graph  and  read  the  value  f. 
Repeat  this  process  for  each  value  in  the  t^^-tj 
column. 

EXCEPTION:  If  the  sea  ni  the  fetch  is  fully 
developed  or  if  the  fetch  has  been  moving  nearly 
as  fast  as  the  wind  and  then  suddenly  stops  then 
add  the  fetch  length  (F)  to  the  decay  distance 
(D)  before  entering  the  graph  with  D. 

7.  T,  Column.  Turn  again  to  sea  and  swell 
graph  4  (fig.  14-14).  Enter  the  left  side  of  the 
graph  with  the  adjacent  value  of  f j .  Move 
horizontally  right  to  the  curved  line,  then 
vertically  downward  to  the  bottom  scale.  Read 
the  value  of  T| .  Repeat  this  procedure  for  each 
value  in  the  f,  column. 

8.  E,  Column.  Turn  to  any  of  the  C  C.  S. 
graphs  used  in  the  computations  for  the  Ej 
column,  having  the  correct  wind  speed.  Enter 
the  f  scale  at  the  bottom  with  the  adjacent  f, 
value.  Go  vertically  upward  to  the  wind  speed 
line  (U).  From  this  point  move  horizontally  to 
the  left  and  read  E,  from  the  E  scale.  Repeat 
this  process  for  each  value  of  f, . 


9.  AE  Column.  Subtract  the  adjacent  value  of 
E2  from  E,.  Record  this  result  as  AE.  Repeat 
this  process  for  each  value  of  E2  and  the 
adjacent  E| , 

10,  Eq  Column,  The  angular  spreadin£,  factor 
(As)  was  written  in  step  7  on  the  worksheet. 
Multiply  this  value  times  the  adjacent  value  of  E 
found  in  the  E  column.  Record  the  result  as  E^. 

1 1 .  Characteristic  Heights  Column.  Turn  to  sea 
and  swell  graph  6a  or  6b  (fig,  14-16  or  14-17). 
Graph  6a  is  for  E  values  of  0  to  400  feet  squared 
while  6b  is  for  E  values  of  0  to  10  feet  squared, 
to  allow  the  smaller  values  to  be  read  accurately. 
Select  the  proper  graph  for  the  values  of  E  in  the 
E^j  column.  Follow  the  directions  at  the  top  of 
the  graph  and  record  the  values  of  the  character- 
istic  wave  heights. 

By  completing  all  the  presented  steps  the 
forecaster  now  has  all  the  information  necessary 
to  provide  an  accurate  swell  forecast. 

FORECASTING  SURF 

Thus  far  we  have  discussed  the  generation  of 
sea  waves,  their  transformation  to  swell  waves, 
some  of  the  charges  that  occur  as  they  move! 
and  objective  methods  of  forecasting  both 
waves. 

The  Navy  is  also  greatly  hivolved  in  amphibi- 
ous operations  which  require  the  forecasting  of 
another  sea  surface  phenomena,  surf.  Senior 
Aerographer's  Mates  will,  upon  occasion,  pro- 
vide forecasts  for  this  lype  of  operation.  Ac- 
curate and  timely  forecasts  can  greatly  decrease 
the  chances  of  personnel  injuries  or  equipment 
damage.  It  is  therefore  important  that  fore- 
casters have  a  thorough  understanding  of  the 
characteristics  of  surf  and  a  knowledge  of 
forecasting  techniques. 

GEN'ERATION  OF  SURF 

The  breaking  of  waves,  in  either  single  or 
multiple  lines  along  the  beach  or  over  some 
submerged  bank  or  reef  is  referred  to  as  surf. 

The  energy  which  is  being  expanded  in 
producing  this  phenomenon  is  the  remainder  of 
that  energy  that  was  imparted  to  the  sea  surface 
when  the  wind  developed  the  sea  waves.  It,  of 
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course,  has  been  ileplcted  as  the  swell  waves 
transited  from  the  fetch  area  to  the  area  of 
occurrence  of  the  surf. 

The  surf  zone  is  the  extent  from  the  water 
up-rush  on  the  shore  to  the  most  seaward 
breaker*  It  will  be  within  this  area  that  the 
forecast  will  be  prepared. 

When  waves  enter  an  area  where  the  depth  of 
the  bottom  reaches  half  their  wave  length,  the 
waves  are  said  to  *Meet  bottom."  This  means 
that  the  wave  is  no  longer  traveling  through  the 
water  unaltered,  but  is  entering  intermediate 
water  where  changes  in  wave  length,  speed* 
direction,  and  energy  will  occur.  There  will  be 
no  change  in  period.  These  changes  are  known  as 
shoaling  and  refraction.  Shoaling  affects  the 
height  of  the  waves,  but  not  direction,  while 
refraction  effects  both,  both  effects  result  from 
a  change  in  wave  speed  in  shallow  water. 

Shoaling 

The  shoaling  effect  is  caused  by  two  f.  :tors. 
The  first  is  a  result  of  the  shortening  of  the  wave 
length;  as  the  wave  slows  down  the  crests  move 
closer  together.  Since  the  energy  between  crests 
remains  constant  the  wave  height  must  increase 
if  this  energy  is  to  be  carried  in  a  shorter  length 
of  water  surface.  Thus,  waves  can  become  higher 
near  shore  than  they  were  in  deep  water.  This  is 
particularly  true  with  swell  since  it  has  a  long 
wave  length  in  deep  water  and  travels  fast.  As 
the  swell  speed  decreases  when  approaching  a 
shore,  the  wave  length  shortens,  and  a  long  swell 
which  was  barely  perceptible  in  deep  water  may 
reach  a  height  of  several  feet  in  shallow  water. 
The  second  factor  in  shoaling  has  an  opposite 
effect  and  is  due  to  the  slowing  down  of  the 
wave  velocity  until  it  reaches  the  group  velocity. 
As  the  group  velocity  represents  the  speed  with 
which  the  energy  of  the  waves  is  moving,  the 
height  of  the  mdividual  waves  will  decrease  with 
its  decreasing  speed  until  the  wave  and  group 
velocities  are  equal.  The  second  factor  predomi- 
nates when  the  wa^e  first  feels  bottom,  decreas- 
ing the  wave  height  to  about  90  percent  of  its 
deep  water  height  by  the  time  the  depth  is 
one-sixth  of  the  wave  length.  Beyond  that  point, 
the  effect  of  the  decreased  distances  between 
crests  dominates  so  that  the  wave  height  in- 
creases to  quite  large  values  close  to  shore. 

ERLC 


Refraction 

When  waves  arrive  from  a  direction  that  is 
perpendicular  to  a  straight  beach,  the  wave 
crests  will  parallel  the  beach.  If  the  waves  are 
arriving  from  a  direction  other  than  perpendicu- 
lar or  the  beach  is  not  straight,  the  waves  will 
bend,  trying  to  conform  to  the  bottom  con- 
tours. This  bending  of  the  waves  is  known  as 
refraction  and  resuUs  from  the  inshore  portion 
of  the  wave  having  a  slower  speed  than  the 
portion  still  in  deep  water.  This  refraction  will 
cause  a  change  in  both  height  and  direction  in 
shallow  water. 

Surf  Development 

When  a  wave  enters  water  which  is  shallower 
than  half  its  wave  length,  the  motion  of  the 
water  near  the  bottom  is  retarded  by  friction. 
This  causes  the  bottom  of  the  wave  to  slow 
down.  As  the  water  becomes  more  shallow  the 
wave  speed  decreases,  the  wave  length  becomes 
shorter,  and  the  wave  crest  increases  in  height. 
This  continues  until  the  crest  of  the  wave 
becomes  too  high  and  is  moving  too  fast.  At  this 
point  the  crest  of  the  wave  becomes  unstable 
and  crashes  down  into  the  preceding  wave 
trough;  when  tnis  happens  the  wave  is  said  to  be 
breaking.  The  type  of  breaker,  that  is,  whether 
spilling,  plunging,  or  surging,  is  determined  by 
the  steepness  of  the  wave  in  deep  water  and  the 
slope  of  the  beach. 

A  spilling  breaker  breaks  gradually  over  a 
distance,  white  water  forming  at  the  crest  and 
expanding  down  the  face  of  the  breaker.  The 
wave  energy  is  expanded  gradually  and  breaking 
is  mild. 

In  a  plunging  breaker  the  wave  crest  advances 
faster  than  the  base  of  the  wave,  causing  a  wave 
crest  to  curl  over  and  break  with  a  crash.  The 
resulting  white  water  appears  almost  instantly 
over  the  complete  front  face. 

Illustrations  of  both  of  these  type  breakers 
are  found  in  the  Rate  Training  Manual.  Aerog- 
rapher's  Mate  3  &  2,  NAVTRA  10363-0 

A  surging  breaker  is  one  that  p^-aks  up,  but 
instead  of  plunging  or  spilling,  surges  up  on  the 
beach. 

When  a  wave  train  strikes  a  beach  at  an  angle 
refraction  occurs,  but  at  the  same  time  another 
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result  is  the  mass  ininsporl  of  water  parallel  to 
the  beach  in  the  same  direction  as  the  movement 
of  the  wave  train.  This  mass  transport  is  called 
the  longshore  current  or  Littoral  Current.  It  is  of 
vital  importance  to  amphibious  operations. 

Definition  of  Terms 

The  following  are  some  terms  that  will  be 
used  extensively  in  surf  discussions  and  that 
should  be  understood  by  the  forecaster: 

1.  Breaker  height  the  vertical  distance  in 
feet  between  the  crest  of  the  breaker  and  the 
level  of  the  trough  ahead  of  the  breaker. 

2.  Breaker  wave  length  ^  the  horizontal 
distance  in  feet  between  successive  breakers. 

3.  Breaker  period  -  the  time  in  seconds 
between  successive  breakers.  This  is  always  the 
same  as  the  deepwater  wave  period. 

4.  Depth  of  breaking  -  the  depth  of  the 
water  in  feet  at  the  point  of  breaking. 

5.  Surf  zone  -  the  horizontal  distance  :a 
yards  between  the  outermost  breakers  and  the 
limit  of  wave  uprush  on  the  beach. 

6.  Number  of  lines  of  surf  -  the  number  of 
lines  of  breakers  in  the  surf  zone. 

7.  Deep  water  wave  angle  -  the  angle  be- 
tween the  bottom  contours  and  the  deep  water 
swell  wave  crests. 

8.  Breaker  angle  -  the  angle  between  the 
beach  and  the  lines  of  breakers.  It  is  always  less 
than  the  deep  water  wave  angle. 

OBJECTIVE  TECHNIQUE 
FOR  FORECASTING  SURF 

The  objective  technique  presented  in  this 
manual  is  the  same  method  contained  in  NWRF 
36-1264-099,  Surf  Forecasting.  Some  minor 
innovations  in  the  graphs  used  were  made  by 
personnel  of  the  Oceanugraphic  Department  of 
Naval  Weather  Service  Facility,  San  Diego. 

Through  the  use  of  the  procedure  as  pre- 
sented in  this  chapter  the  forecaster  can  provide 
an  accurate  forecast  of  surf  conditions  when 
required. 

Figure  14-24  provides  an  example  of  the  surf 
worksheet  that  may  be  utilized  in  this  surf 
forecasting  procedure.  The  steps  in  the  method 
conform  to  steps  on  the  worksheet. 


STliP  I.  Detemiine  the  deep  water  wave 
height  approaching  the  beach  from  either  ob- 
servations or  a  swell  forecast.  Enter  this  value  as 
Hq  on  the  worksheet. 

STEP  2,  Determine  the  deep  water  wave 
period  approaching  the  beach  from  either  ob- 
servations or  a  swell  forecast.  Enter  this  value  as 
T^,  on  the  worksheet, 

STEP  3.  From  the  weather  chart  determine 
the  direction  from  which  the  swell  waves  will 
approach  the  beach.  Assuming  that  the  line 
along  the  wave  crests  will  be  perpendicular  to  be 
direction  of  wave  travel,  the  angle  between  the 
beach  contours  and  the  deep  water  wave  crests 
can  be  measured.  Enter  this  value  as  a^  on  the 
worksheet. 

STEP  4.  Turn  to  surf  graph  I,  figure  14-25. 
Enter  the  left  side  with  found  instep  I,  and 
the  bottom  with  T^  from  step  2.  At  the 
intersection  of  these  values  read  H^/T^j^  trom 
the  curved  solid  lines  of  the  graph.  Enter  this 
value  on  the  worksheet. 

STEP  5.  Turn  to  surf  graph  2,  figure  14-26. 
Enter  the  bottom  with  WJT^-  found  in  step  4 
and  go  up  vertically  to  the  curved  line  marked 
with  the  beach  slope  of  the  beach  for  which  the 
forecast  is  being  made.  From  that  point  go  to 
the  left  horizontally  and  read,  the  value  of 
Hb/Ho  at  the  left  side  of  the  graph.  Record  this 
value  on  the  worksheet. 

STEP  6.  Turn  to  surf  graph  3,  figure  14-27. 
Enter  the  left  side  with  H^,  found  in  step  I  and 
the  bottom  with  Hjj/Hq  from  step  5.  At  the 
point  of  intersection  read  the  value  of  from 
the  curved  lines  on  the  graph.  Enter  this  value 
on  the  worksheet, 

STEP  7.  Turn  to  surf  graph  4,  figure  14-28. 
Enter  the  bottom  with  H^/Tq  found  in  step  4 
and  go  up  vertically  to  the  line  marked  with  the 
slope  of  the  beach  for  which  the  forecast  is 
being  made.  Read  the  breaker  type  written  at 
that  point  and  enter  the  type  on  the  worksheet. 

STEP  8.  Turn  to  surf  graph  5,  figure  14-29. 
Enter  the  bottom  with  H^^/T^^  found  in  step  4. 
Go  up  vertically  to  the  curved  line  on  the  graph 
and  from  that  point  of  intersection  go  across 
horizontally  to  the  left  side.  At  the  left  side  of 
the  graph  read  the  value  of  A^IW^  and  record  it 
on  the  worksheet.  If  H^/T^j^  is  less  than  .01  go 
directly  to  step  9. 
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SURF  FORECAST  WORKSHEET 
BEAQl  SLOPE  


FTA  SURF 


BEACH  NAME  

**************************************************************************************** 


FROM  OBSERVED  OR  FORECAST  SWELL 


1.  Deep  water  wave  helghc: 

2.  Deep  water  wave  period: 


_ft. 
sec. 


3.  Ancle  between  deep  water  waves  and  depth  contours:  ^^^^?o  '^-rxTTxxxi:***** 

*;***!******************************************************************************** 

SURF  CALCULATIONS 


Step 

Enter 

SURF 

GRAPH 

With 

And  Read 

4 

1 

Hq  from  step  1  and  T^  from  step  2 

Ho/To^ 

5 

2 

Hq/Tq^  from  step  4 

"b/Ho 

6 

3 

Ho  from  step  1  and                    ^^^P  ^ 

Hb 

ft. 

7 

4 

Hq/Tq2  from  step  4  and  Beach  Slope  from 
heading 

Breaker  Type 

8 

5 

WJtJ'  from  step  4.     If  Ho/T^2  <.01  go 
to  next  step 

D  O 

9 

6 

H    from  step  1  and             from  step  8 
or  use  db  «  1.3  H^  if  Hq/Tq^  <.01 

ft. 

10 

7 

djj  from  step  9  and  Beach  Slope  from 
heading 

Width  of  Surf  Zone 

yds 

11 

8 

djj  from  step  9  and  T^  from  step  2 

Lb 

ft. 

12 

9 

Lb  from  step  11  and  Width  of  Surf  Zone 
from  step  10. 

No.  Lines  of  Surf 

13 

10 

djj  from  step  9  and       from  step  2. 

14 

11 

a^  from  step  3  and  dj^/L^  from  step  13 

ab 
Kd 

deg, 

15 

12 

Hjj  from  step  6  and       from  step  14 

IL   corrected  for  refrac- 
tion 

cor  %  ft. 

16 

13 

ajj  irom  step       and  Deach  Slope  from 
heading.         from  step  15  and  Tq  from 
step  2 

Longshore  Current 

kts. 

AG.697 


Figure  14-24.-Sample  surf  worksheet. 
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)5        16        17        16  19 


Figure  14-25.-Surf  graph  1, 


AG.698 


Lnter  the  side  of  the  ^raph  with  11^,  found  in 
step  I  nnd  the  bottom  with  d,/ll^,  found  in  step 
N  At  the  interseelion  read  dj^  from  the  eurved 
hnes  on  the  graph  and  reeord  this  vahie  on  the 
worksheet  If  ll^n;,^     |,.,,  n^.^^  q,  j„  ^^^^^  ^ 

do  not  use  surf  graph  6.  Instead  use  the  formula 
d,  =  1. 31 1, 

STIiP  10.  Turn  to  surf  graph  7,  figure  14-31. 
l-nter  the  left  side  with  d,»  found  in  step  ^)  and 
go  aeross  horizontally  to  the  line  marked  with 
the  i>each  slope.  From  this  point  go  down  to  the 
bottom  of  the  graph  and  read  the  width  of  the 
surf  /one  Reeord  this  value  on  the  worksheet. 

SThP  I  I.  Turn  to  surf  graph  8,  figure  14-32. 
l-nter  the  left  side  with  di,  found  in  step  ^)  lukI 
go  across  horizontally  to  the  line  marked  with 
the  value  of  T^,  found  in  step  2.  IVoni  this  point 
go  down  to  the  bottom  of  the  graph  and  read 
the  valu;  of  L^,  Record  this  value  on  the 
worksheet. 


S'f  l;P  12.  Turn  to  surf  graph  9,  figure  14-33. 
I.nter  the  left  side  with  the  width  of  ihc  surf 
/one  found  in  step  10  and  enter  the  bottom 
v\ith  L,,  found  in  step  IL  At  the  intersection 
read  the  number  of  lines  of  surf.  If  a  whole 
number  of  lines  is  not  found,  record  the  value  in 
terms  of  "I  or  2  lines/' etc. 

STI-P  13.  Turn  to  .surf  graph  10.  figure  14-34. 
Lnter  the  left  side  with  di,  found  in  step  9  and 
the  bottom  with  T^  found  in  step  2.  A(  the 
intersection  read  the  value  of  di,/L^  from  the 
curved  lines.  Record  thh  value  on  the  work- 
sheet. 

STIiP  14.  Turn  to  .surf  graph  I  I.  figure  14-35. 
Lnter  the  left  side  with  a^,  found  in  step  3  and 
the  bottom  with  di,/L^,  found  in  step  13.  At  the 
intersection  read  \  from  the  curved  dashed 
lines  of  the  graph  and  read  Kj  from  the  curved 
solid  lines.  Record  the  values  of  ai,  and  Kj  on 
the  worksheet. 

STIiP  15.  Turn  to  surf  graph  1 2,  figure  14-36. 
hnter  the  left  side  with  \  found  in  step  6  and 
the  bottom  with  K^,  found  in  step  14.  At  the 
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Figure  14-26.-Surf  graph  2. 
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(Hq)  ft. 

20 


BREAKER  HEIGHT  (H^^)  AS  A  FUNCTION  OF  DEEP  WATER  WAVE 

HEIGHT  (Hq)  and  BREAKER  HEIGHT  INDEX  {HjH  ) 

o  0 


BREAKER  HEIGHT  INDEX  (  b/H^) 


Figure  14-27.-Surf  graph  3, 


AG.700 


interseciion  read  a  new  value  for  li^  corrected 
for  refraction.  Record  this  new  value  on  the 
worksheet. 

STEP  16.  Turn  to  surf  graph  13,  figure  14-37. 
Thi5>  is  a  nomogram  to  determine  the  longshore 
current.  The  instructions  for  its  use  are  written 
on  it.  Record  this  value  on  the  worksheet. 


All  of  the  necessary  information  to  provide  a 
complete  surf  forecast  is  no\\  available.  The 
presentation  to  the  user  can  be  made  in  any 
manner  that  is  agreed  upon;  however,  figure 
14-38  illustrates  ont  of  the  most  commonly 
used  methods  that  is  employed. 
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Figure  14-28. -Surf  graph  4. 
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Figure  14'32.-Surf  graph  8. 
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NO.  LINES  OF  SURF 


BREAKER  WAVE  LENGTH  (Lfa)  FT. 


AG.706 

Figure  14-33.-Surf  graph  9. 
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8        9         10        11  12 
Wove  Period   (T^)  Sec 


18        19  20 


Figure  14-34.-Surf  graph  10. 
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AG.709 

Figure  14-36. -Surf  graph  12. 
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Exanple  (1.)  Enter  graph  with       and  Hiy  Locate  inlcrsection  of  line  between       and      and  the 

left  diagonal. 

"  P')  Construct  a  line  from  beach  slope  through  intersection,  located  above,  to  breaker 

Hp       •  5.75  height  line  and  mark  this  intersection. 

Slope    m  1:60       (3J  Construct  a  line  from  a^,  to  horizontal  breaker  height  line  at  top  of  figure  and  mark 
-  intersection  on  right  diagonal, 

(4J  Construct  line  from  mark  located  in  (2)  and  intersection  located  in  (3),  Continue 
 line  to  get  correct  speed:  V  -  3,5  knots,  


15  10  6  4  3  2  0 
I  liiil  I  III  r   I   I 


BREAKER  ANGLE,  (a^)  0E6. 


AG.710 


Figure  14-37.-Surf  graph  13, 
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SURl-CST 

(Beach)  (Time) 

ALPliA 

B!UVO  QLVRLII: 

DULTA 

BQIO  rOXTIOT 

ALPllX 

=  Significant  Breaker  Height  (ft.) 

BRAVO 

=  MiLxinium  Breaker  Height  (ft.) 

=  Period  of  Breakers  (sec.) 

~  Type  of  Breakers 

no  10 

=  i\]igle  Breakers  NUike  with  Beach  (deg.) 

=  Longsiiore  Current  (kts.) 

GOLF 

=  Niunber  of  Lines  of  Surf,  Width  of  Surf  Zone  (yd.) 

IIOTBL 

=  Remarks 

AG.71 1 

Figure  14'38.-Example  of  final  forecast  form. 
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FORECASTING  SURFACE 
CURRENTS 

Altliougli  the  forecasting  of  surface  currents 
lias  been  performed  by  weather  service  person- 
nel for  a  number  of  years,  the  prominence  of 
such  forecasting  became  more  evident  when  a 
number  of  incidents  involving  large  sea-goiiig  oil 
tankers  occurred.  Collisions  and  groundings  in- 
volving tankers  caused  great  amounts  of  pollu- 
taniH,  oil  mainly,  to  be  spilled  on  the  water 
surface.  The  movement,  both  direction  and 
speed,  of  such  contaminants  is  directly  con- 
iiolled  by  the  surface  currents  in  the  affected 
area.  More  concerned  emphasis  has  now  been 
placed  on  the  ability  of  forecasters  to  predict 
the  movement  of  such  contaminated  areas. 

In  the  past,  weather  service  units  Iiave  pro- 
vided forecasts  to  assist  in  the  location  of 
personnel  or  boats  adrift  in  the  open  sea  as  well 
as  forecasts  utilized  in  estimating  ice  How, 

With  the  continued  growing  concern  about 
pollution  and  contamination  of  ocean  waters,  it 
is  anticipated  that  more  requests  for  current  and 
drift  forecasts  will  be  directed  to  weather  service 
units. 

In  this  section  we  will  discuss  the  general 
characteristics  of  currents,  how  they  form,  and 
different  types  of  currents.  There  are  presently 
no  hard  and  fast  rules  or  techniques  that  are 
universally  followed.  Most  weather  units  in- 
volved in  providing  such  forecasts  !iave  their 
own  innovations  and  methods. 

CURRENTS 

Aerographer's  Mates  have  a  knowledge  of  the 
major  ocean  currents  and  the  meteorological 
results  of  the  interaction  of  sea  and  air.  Oceanic 
circulation  (currents)  plays  a  major  role  in  the 
production  of  and  distribution  of  weather  phe- 
nomena. Principle  surface  current  information 
such  as  direction,  speed,  and  temperature  distri- 
bution is  relatively  well  known. 

Currents  in  the  sea  are  generally  produced  by 
wind,  tide,  differences  in  density  between  water 
masses,  sea  level  differences,  or  runoff  from  the 
land.  They  may  be  roughly  classed  as  tidal  or 
nontidal  currents,  Nontidal  currents  include  the 
permanent  currents  in  the  general  circulatory 
systems  of  the  oceans;  geopotential  currents. 


which  are  those  associated  with  density  differ- 
ences in  water  masses;  and  temporary  currents, 
such  as  wind-driven  currents  which  are  devel- 
oped from  meteorological  conditions  Tidal  cur- 
rents are  usually  significant  in  shallow  water 
only,  where  they  often  become  the  strong  or 
dominant  flow. 

The  system  of  currents  in  the  oceans  of  the 
world  keeps  the  water  continually  circulating. 
The  positions  ^hift  only  slightly  with  the  seasons 
except  in  the  Southeast  Asia  area  where  nion- 
soonal  effects  actually  reverse  the  direction  of 
How  from  summer  to  winter.  Currents  appear  on 
most  charts  as  well  behaved  continuous  streams 
defined  by  clear  boundaries  and  with  gradually 
changing  directions.  These  presentations  usually 
are  smoothed  patterns  which  were  derived  from 
averages  of  many  observations. 

The  speed  of  a  current  is  known  as  its  drift. 
Drift  is  normally  measured  in  knots.  The  term 
velocity  is  often  interchanged  with  the  term 
speed  in  dealing  with  currents  although  there  is  a 
difference  in  actual  meaning.  Set,  the  direction 
in  which  the  current  acts  or  proceeds,  is  meas- 
ured according  to  compass  points  or  degrees. 
Observations  of  currents  are  made  directly  by 
mechanical  devices  that  record  speed  and  direc- 
tion, or  indirectly  by  water  density  computa- 
tions, drift  bottles,  or  visually  using  slicks  and 
water  color  differences. 

Ocean  currents  are  usually  strongest  near  the 
surface  and  sometimes  attain  considerable  speed, 
such  as  5  knots  or  more  reached  by  the  Florida 
Current.  In  the  middle  latitudes,  however,  the 
strongest  surface  currents  rarely  reach  speeds 
above  2  knots. 

Eddies,  which  vary  in  size  from  a  few  miles  or 
more  in  diameter  to  75  miles  or  more  in 
diameter,  branch  from  the  major  currents.  Large 
eddies  are  common  on  both  'des  of  tlvj  Gulf 
Stream  from  Cape  Hatteras  to  me  Grand  Banks. 
How  long  such  eddies  persist  and  retain  their 
characteristics  near  the  surface  is  not  well 
known  but  large  eddies  near  the  Gulf  Stream  arc 
known  to  persist  longer  than  a  month.  The 
surface  speeds  of  currents  within  these  eddies, 
when  first  formed,  may  reach  2  knots.  Smaller 
eddies  have  much  less  momentum  and  soon  die 
down  or  lose  their  .surface  characteristics 
through  wind  stirring. 
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Wind  Driven  Currents 

Wnul  driven  currenti>are»  as  tlie  name  implies, 
currents  tliat  are  created  by  the  force  of  tlic 
wind  exerting  stress  on  the  sea  surface.  This 
stress  causes  the  surface  water  to  move  and  this 
movement  is  transmitted  to  the  underlying 
water  to  a  depth  which  is  dependent  mainly  on 
the  strength  and  persistance  of  the  wind.  Most 
ocean  currents  are  the  result  of  winds  that  tend 
to  blow  in  a  given  direction  over  considerable 
amounts  of  time.  Likewise,  local  currents,  those 
peculiar  to  an  area  in  which  they  are  found,  will 
arise  when  the  wind  blows  in  one  direction  for 
some  time.  In  many  cases  the  strength  of  the 
wind  may  be  used  as  a  rule  of  thumb  for 
determining  the  speed  of  the  local  current,  the 
speed  is  figured  as  2  percent  of  the  wind's  force. 
Therefore,  if  a  wind  blows  3  or  4  days  in  a  given 
direction  at  about  20  knots,  it  may  be  expected 
that  a  local  current  of  nearly  0.4  knot  is  being 
experienced. 

A  wind-driven  current  does  not  flow  in 
exactly  the  same  direction  as  the  wind,  but  is 
deflected  by  the  earth's  rotation.  The  deflecting 
force  (Coriolis  force)  is  greater  at  high  latitudes 
and  more  effective  in  deep  water.  It  is  to  the 
right  of  the  v/ind  direction  in  the  Northern 
Hemisphere  and  to  the  left  in  the  Southern 
Hemisphere.  At  latitudes  between  ION  and  lOS 
the  current  usually  sets  downwind.  In  general 
the  angular  differenLC  in  direction  between  the 
wind  and  the  surface  current  varies  from  about 
10  degrees  in  shallow  coastal  areas  to  as  much  as 
45  degrees  in  some  open  ocean  areas.  The  angle 
increases  with  the  depth  of  the  current  and  at 
certain  depths  the  current  may  flow  in  the 
opposite  direction  to  that  of  the  surface. 

Some  major  wind-driven  currents  are  the  West 
Wind  Drift  in  the  Antarctic,  the  North  and 
South  Equatorial  Currents  that  lie  in  the  trade 
wind  belts  of  the  ocean,  and  the  seasonal 
monsoon  currents  of  the  Western  Pacific, 

Coastal  and  Tidal  Currents 

Coastal  currents  are  uiused  mainly  by  river 
discharge,  tide,  and  wind,  'lowevcr,  they  may  in 
part  be  produced  by  the  circulation  in  the  open 
ocean  areas.  Because  of  tides  or  local  topog- 
raphy, coastal  currents  are  generally  irregular. 


Tidal  currents,  a  factor  of  little  importance  in 
general  deepwater  circulation,  are  of  great  in- 
fluence in  coastal  waters.  The  tides  furnish 
energy  through  tidal  currents,  which  keep 
coastal  waters  relatively  well  stirred.  Tidal  cur- 
rents are  most  pronounced  in  the  entrances  to 
large  tidal  basins  that  h^ve  restricted  openings  to 
the  sea.  This  fact  ofte.i  accounts  for  steerage 
problems  experienced  by  vessels. 

WIND  DRIVEN 
CURRENT  PREDICTION 

Attempts  at  current  prediction  in  the  past 
have  only  been  moderately  successful.  There  has 
been  a  tendency  to  consider  ocean  currents  in 
much  the  same  manner  as  wind  currents  in  the 
atmosphere,  when  in  actuality  it  appears  that 
ocean  currents  aio  affected  by  an  even  greater 
number  of  factors.  It  therefore  requires  different 
techniques  to  be  utilized. 

In  order  to  predict  current  information  it 
must  be  understood  that  currents  are  typically 
unsteady  in  direction  and  speed.  This  has  been 
well  documented  by  a  number  of  studies  that 
have  been  conducted.  The  reasons  for  this 
variability  has  been  attributed  to  the  other 
forces  b  sides  wind  and  tides  which  affect  the 
currents. 

Climatological  surface  charts  have  been  con- 
structed for  nearly  all  the  oceans  of  the  world 
using  data  from  ship's  drifts.  However,  this  data 
has  been  shown  to  have  limitations  and  should 
be  used  as  a  rough  estimate  only. 

Synoptic  Analysis  and  Forecasting  of  Surface 
Currents,  NWRF  36-0667-127,  provides  a  com- 
posite method  of  arriving  at  current  forecasts. 
This  method  utilizes  portions  of  other  methods 
that  have  been  used.  Forecasters  should  make 
themselves  aware  of  the  information  contained 
in  this  publication. 

COASTAL  AND  TIDAL 
CURRENT  PREDICTION 

Prediction  of  tidal  currents  must  be  based  on 
specific  information  for  the  locality  in  question. 
Such  information  is  contained  in  various  forms 
in  many  navigational  publications. 

Tidal  Current  Tables,  issued  annually,  list 
daily  predictions  of  the  times  and  strengths  of 
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Hood  and  ebb  currents  and  the  time  of  interven- 
ing slacks.  Due  to  lack  of  observational  data, 
coverage  is  considerably  more  limited  than  tor 
tides  The  Tidal  Current  Tables  do  include 
supplemental  data  by  which  tidal  currents  can 
be  determined  for  many  places  in  addition  to 
those  for  which  daily  predictions  are  given. 


NUMERICAL  SEA  SURFACE 
ANALYSES  AND  FORECASTS 

Analyses  of  a  number  of  sea  surface  elements 
is  carried  out  on  a  routine  basis.  Although  the.se 
charts  are  not  readily  available  as  analyses  they 


art  aili/ed  in  the  preparation  of  prognostic 
charts  which  are  di.s.seniinated. 

Sea  surface  temperature  charts,  wave  height, 
aiid  wind  drift  currents  are  examples  of  the  type 
of  charts  available  on  the  lleet  facsimile  broad- 
cast. Up  to  date  .schedules  .should  retlect  the 
charts  currently  available  as  this  is  subject  to 
change.  Tailored  forecasts  for  sea  conditions  are 
available  on  a  request  basis  from  wei^ther  facil- 
ities and  centrals.  Oceanographic  departments 
within  these  organizations  are  prepared  to  pro- 
vide this  .service. 

Ratt-graphic  types  of  messages  are  also  util- 
ized to  disseminate  sea  condition  information 
over  the  lleet  teletype  broadcast. 
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OCEAN  THERMAL  STRUCTURE  FORECASTING  AND  ASWEPS 


It  is  generally  agreed  that  presently  tlie 
submarine  po^es  the  greatest  military  threat  to 
the  security  of  the  United  States,  They  may  be 
employed  to  fire  missiles  at  inland  targets  as  well 
as  disrupt  the  merehant  shipping  whieh  is  so 
critical  to  our  nation's  survival.  Since  World  War 
II  the  Navy  has  directed  a  concerted  effort  to 
the  improvement  of  methods  and  equipment  to 
detect  these  undersea  weapons. 

The  most  effectual  means  of  reducing  their 
effectiveness  is  by  detecting  them  within  their 
own  environment,  under  the  ocean  surface. 
Sound  is  employed  in  different  manners  to 
accomplish  this,  the  active  and  passive  detection 
systems  being  examples.  Active  systems  put 
sound  into  the  water  with  the  echo  returning 
from  the  submarine,  being  sensed  by  the  detec- 
tor. The  passive  system  utilizes  sound  sensing 
equipment  to  detect  the  noise  emitted  by  the 
submarine.  Surface  ships  and  aircraft,  including 
helicopters,  employ  these  systems  or  variations 
of  them. 

Most  people  are  aware  that  sound  is  affected 
to  a  great  extent  by  the  changes  in  air  tempera- 
ture. The  temperature  of  the  water  also  plays 
games  with  the  .sound  waves  as  they  pass 
through  it. 

Aerographef  s  Mates  work  in  close  association 
with  units  involved  in  ASW  operations.  It  is 
important  that  they  have  a  thorough  under- 
standing of  the  thermal  .structure  of  the  ocean, 
as  well  as  what  numerical  products  are  available, 
their  application,  and  what  type  of  services  and 
a.s.sistance  are  provided  them  by  support  activi- 
ties. These  areas  will  be  discussed  in  this  chapter. 

!n  chapter  22  of  Aerographer's  Mate  3  &  2, 
NavTra  10363-D,  illustrations  and  dellnitions  of 
the  ba.sic  terminology  is  presented.  It  is  recom- 


mended thai  personnel  review  this  chapter  for 
application  to  the  data  as  presented  in  this 
manual. 

THERMAL  STRUCTURE 
FORECASTING 

Batliythermograms  show  that  the  ocean  is 
more  or  less  stratified.  Two  points  separated  by 
.several  hundred  yards  but  at  the  same  depth  will 
have  practically  the  same  temperature.  If  the 
ocean  were  in  equilibrium,  this  stratification 
would  be  complete;  the  warm  lighter  water 
being  at  the  surface,  the  lower  strata  consisting 
of  cooler,  heavier  water,  and  the  boundaries 
between  strata  being  horizontal  surfaces.  This 
equilibrium  is  disturbed  by  three  processes: 
advection,  the  heat  budget,  and  mixing. 

OCEAN  THERMAL  EFFECTS 
ON  ECHO  RANGING 

The  direction  that  a  sound  wave  will  travel  in 
the  ocean  is  largely  dependent  upon  the  speed  of 
the  individual  .sound  wave  or  ray  within  the 
beam.  The  speed  of  sound  in  sea  water  depends 
on  the  properties  of  the  water.  In  general  these 
properties  vary  both  horizontally  and  vertically, 
but  only  temperature  is  of  any  great  signifi- 
cance. Changes  in  velocity  with  depth,  even 
slight  ones  due  to  warming  of  the  surface  water 
on  a  bright  calm  day,  deflect  the  sound  beam 
from  the  desired  straight  path  and  may  cause  it 
to  overshoot  or  undershoot  an  object. 

The  velocity  of  .sound  is  directly  proportional 
to  the  temperature  of  the  medium.  The  speed  of 
sound  in  air  is  331,5  m'jters  per  .second  at  0 
degrees  Celsius  and  increases  0.6  meters  per 
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second  for  each  degree  increase  in  temperature. 
In  sea  water  with  .salinity  of  35  parts  per 
thousand  at  0  degrees  Celsius  the  speed  of  sound 
is  1449J  meters  per  second  or  4.4  times  the 
speed  of  sound  in  ain  The  rate  at  which  speed 
increases  with  an  increase  in  temperature  is  not 
uniform:  it  is  greater  at  lower  temperatures. 
Figure  15-1  illustrates  the  effect  of  temperature 
on  the  speed  of  sound  in  water. 

The  pressure  and  salinity  affect  tijc  speed  of 
sound  also  but  to  a  lesser  degree  than  tempera- 
ture. As  the  depth  or  pressure  increases  so  does 
the  sound  velocity.  An  increase  in  salinity  will 
also  increase  speed. 

In  echo  ranging  work,  in  which  only  the 
upper  few  hundred  feet  are  involved,  tempera- 
ture is  generally  the  most  important  factor 
causing  variations  in  sound  velocity.  Salinity  is 
relatively  uniform  in  the  open  ocean  and  there- 
fore of  minor  importance  when  dealing  with 
sound  velocity.  Furthermore,  in  layers  where 
vertical  salmity  gradients  exist,  there  is  nearly 
always  a  vertical  temperature  gradient. 


In  sound  transmi,ssion  the  vertical  velocity 
gradient  is  more  important  than  the  velocity 
itself,  since  it  is  the  change  in  velocity  with 
depth  that  determines  how  much  refraction  will 
take  place.  The  velocity  gradient  is  readily 
determined  from  the  gradients  of  temperature 
and  salinity.  The  salinity  gradient  is  defined  as 
the  rate  of  change  of  salinity  with  depth  in  parts 
per  thou,sand  per  meter.  The  temperature  gradi- 
ent is  the  rate  of  change  of  temperature  with 
depth  in  degrees  Celsius  per  meter.  These  gradi- 
ents are  therefore  called  positive  if  the  quantity 
in  question  increases  with  depth,  and  negative  if 
it  decreases.  In  the  majority  of  cases,  tempera- 
ture gradients  in  the  sea  are  zero  or  negative. 
Moreover,  except  in  certain  localized  areas, 
temperature  gradients  control  the  sound  velocity 
gradients. 

With  a  zero  gradient  in  temperature  (mixed 
layer)  echo  ranges  are  long  because  the  sound 
rays  are  very  nearly  straight,  having  only  a  slight 
upward  curvature  due  to  the  pressure  effect.  On 
the  other  hand,  with  a  ,strong  negative  gradient 
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Figure  15-1.~Effcct  of  temperature  on  the  speed  of  sound  in 
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near  the  siirl'iice.  echo  ranges  will  be  short 
because  the  sound  beam  is  refractecl  sharply 
downward.  In  the  ocean  it  is  comi;  on  to  find  a 
mixed  hiyer  {isovelocity )  overling  a  negative 
gradient.  In  huch  ctiscs  the  cjiu  range  on  an 
object  m  the  mixed  layer  will  be  long,  but  the 
part  ol*  the  sound  beam  that  enters  the  negali*  e 
gradient  will  be  refracted  downward,  resulting  in 
a  reduction  of  range,  and  a  split  beam  pattern. 

With  a  strong  negative  gradient  from  the 
surface  downward,  eaJi  ray  of  sound  beam 
curves  down  in  a  great  arc,  and  that  area  beyond 
the  horizontal  limits  of  the  beam  is  a  so-called 
shadow  zone  into  which  no  sound  penetrates 
other  than  by  scattering.  An  echo  ranging  vessel 
will  not  be  able  to  detect  an  object  in  the 
shadow  zone,  but  as  soon  as  the  object  comes 
within  the  direct  beam,  the  echoes  will  come  in 
loud  and  clear. 

With  slighter  negative  gradients,  generally 
with  any  gradient  underlying  a  mixed  layer,  the 
shadow  zone  is  not  very  clearly  defined. 

An  object  in  the  negative  gradient  beneath  a 
mixed  layer  may  be  within  the  direct  beam  but 
still  be  undetectable  because  the  echoes  are  too 
weak  to  be  heard  against  the  background  or 
reverberation  and  chip's  noise.  This  is  known  as 
the  layer  effect. 

FORECASTING  ADVECTION 

The  effect  of  the  addition  or  removal  of  water 
by  currents  which  result  in  the  changing  of  the 
thermal  structure  of  the  water  at  a  specific  point 
is  referred  to  as  adveelion.  In  most  cases  this 
mass  transport  of  the  water  masses  will  be 
accomplished  by  the  ocean  currents,  of  which 
there  are  varying  types. 

Wind-Driven  Currents 

The  frictional  drag  of  the  wind  sel.s  up 
wmd-driven  currents  which  How  at  less  than  3 
percent  of  the  wuid  velocity.  These  wind-driven 
currents  do  not  flow  with  the  wind  hut  are 
deneeled  45  degrees  to  the  right  m  the  northern 
hemisphere  and  45  degrees  to  the  left  in  the 
southern  hemisphere.  This  is  caused  by  the 
earth's  rotation  and  is  closely  related  to  its 
influence  on  the  depth  of  mixing. 


Permanent  Currents 

The  redistribution  of  density  resulti  g  from 
the  wind-driven  current  is  what  maintains  the 
permanent  current.  Under  the  infiuence  of  the 
steady  wind  systems,  such  as  the  trade  winds,  in 
the  lower  latitudes  and  the  westerlies  in  the 
higher  latitudes,  these  permanent  currents  form 
the  large  scale  current  systems  of  the  oceans. 
They  are  partly  the  indirect  result  of  geographic 
differences  in  the  heating  and  cooling  of  the 
water  and  partly  the  result  of  wind  action.  The 
character  of  the  currents  is  also  influenced  by 
the  configuration  of  the  oceans,  but  in  general 
there  are  clockwise  gyrals  in  the  northern 
hemisphere  and  counterclockwise  gyrals  in  the 
southern  hemisphere.  Smaller  currents  exist  near 
the  continents.  A  countercurrent  flows  eastward 
between  two  westward  flowing  equatorial  cur- 
rents. 

The  permanent  currents  have  several  effects 
on  the  temperature  conditions.  Currents  with 
poleward  How  tend  to  carry  warm  water  into 
cooler  regions;  conversely,  equatorward  flowing 
currents  bring  cooler  waters  into  warmer  re- 
gions. Within  the  currents  themselves  the  distri- 
bution of  density  produces  a  temperature  gradi- 
ent such  that,  in  the  northern  hemisphere,  the 
water  on  the  left  side  of  a  current  has  a  lower 
average  temperature  than  water  on  the  right 
side.  This  may  be  refiected  by  a  thinner  mixed 
layer  or  even  by  lower  surface  temperatures.  In 
the  southern  hemisphere  the  structure  is  re- 
versed. 

Divergence  and  Convergence 
of  Surface  Currents 

Divergence  of  surface  currents  may  occur 
under  the  influence  of  the  wind.  Examples  of 
this  are  found  along  the  western  coasts  of  the 
continents  and  in  the  vicinity  of  the  equator  in 
the  eastern  parts  of  the  Atlantic  and  Pacific.  In 
these  areas  upwelling  brings  water  toward  the 
surface  from  moderate  depths  and  the  thermo- 
cline  may  be  shallow  or,  in  extreme  cases, 
absent.  The  opposite  effect,  convergence  occurs 
in  the  center  of  the  subtropical  gyrals  in  the 
northern  and  southern  hemispheres.  In  these 
regions  the  surface  water  accumulates  and  conse- 
quently the  Ihermocline  may  be  very  deep. 
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Tidal  Currents 

Tidal  currents  in  partially  isolated  shallow 
areas  have  a  marked  effect  on  the  temperature 
conditions  because  they  also  cause  turbulent 
mixing.  In  the  areas  of  strong  tidal  currents  such 
ns  the  English  Channel,  the  water  may  remain 
virtually  mixed  throughout  the  year,  although 
there  is.  of  course,  heating  and  cooling  of  the 
water  column  as  a  whole. 

Internal  Waves 

Internal  waves  also  affect  the  temperature 
distribution.  The  effect  of  these  waves  is  re- 
flected in  a  periodic  rise  and  fall  of  the 
tlierniocline.  Periods  as  long  as  I  2  or  24  hours 
are  known. to  exist  a.nd  studies  have  sh.own  that 
waves  of  only  a  few  nunutes'  period  may  occur. 
Whether  there  is  a  continuous  spectrum  of 
frequencies  is  not  known. 

Metliods  of  Fore- 
casting Advection 

Advection  can  be  conipuicd  from  knowledge 
of  the  temperature  and  ocean  current  field. 
Unfortunately  the  former  is  only  moderately 
well  defined  in  terms  of  the  detail  required  for 
advection  computations,  and  the  velocity  field  is 
not  only  difficult  to  predict,  but  is  not  directly 
observed  There  are  two  ways  to  regard  ad\ec- 
tion-  (h  by  computing  the  change  of  tempera- 
ture with  time  at  the  forecast  point;  or  (2)  by 
finding  the  source  of  the  water  expected  at  the 
forecast  point  and  using  the  thermal  structure  of 
the  source  as  the  forecast. 

The  difference  is  illustrated  in  figure  15-2. 
where  a  forecast  is  desired  for  point  A.  and  it  is 
assumed  that  the  24  hour  advection  is  from 
point  B  to  point  A.  Recent  BT  observations  are 
available  for  both  points.  One  approach  com- 
monly used  is  to  make  all  the  heat  budget  and 
mixing  modifications  to  the  BT  at  point  A.  and 
as  a  last  step  the  changes  resulting  from  a 
different  water  structure  being  advected  from 
point  B  are  considered.  This  is  not  the  most 
realistic  approach  as  the  water  at  point  A  will 
not  be  present  in  24  hours.  The  water  coming 
from  point  B  represents  the  water  thai  will  be 
there  instead. 


Figure  15'2.-Typicat  advection.  ^^-^^^ 

The  logical  approach  would  be  to  assume  the 
BT  trace  at  point  B  represents  the  water  that 
will  be  at  the  forecast  point  in  24  hours,  and 
apply  the  heat  budget  and  modifications  to  this 
trace  instead.  This  is  still  not  completely  valid, 
since  the  entire  water  column  from  the  surface 
to  the  bottom  of  the  BT  trace  does  not  move  at 
the  same  speed.  The  speed  of  the  current 
generally  decreases  with  depth,  and  in  the  case 
of  wind  drift,  currents  may  be  zero  at  the 
tlierniocline  depth.  This  problem  also  arises  in 
the  first  approach  since  advecting  the  whole 
thermal  structure  at  the  same  speed  would  be  in 
error. 

^  The  publication.  Ocean  Thermal  Structure 
F-orecasting,  SP-I05,  Volume  5,  outlines  four 
conditions  which  cover  most  forecasting  prob- 
lems that  will  be  encountered.  Procedures  and 
necessary  graphs  for  predicting  advection  are 
contained  within  this  publication.  The  proce- 
dures given  are  too  lengthy  to  be  contained 
within  this  manual:  however,  it  is  recommended 
that  direct  reference  be  made  to  the  SP-I05 
publication  for  detailed  information  on  fore- 
casting advection. 
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FORECASTING  THE 
HEAT BUDGET 

The  temperature  struetiire  of  the  ocean  ib 
cletcrniinecl  pnnianly  by  its  heat  content,  which 
IS  a  constantly  varying  quantity.  There  is  a 
contniuous  exchange  ol"  heat  at  the  surface  of 
the  ocean.  The  ocean  receives  heat  by  absorp- 
tion of  the  sun's  radiation  and  by  the  condensa- 
tion of  water  vapor  in  the  air.  when  the  water  is 
colder  than  the  air.  The  ocean  loses  heat  by 
radiation  to  the  atmosphere,  by  evaporation  of 
water  vapor  when  the  water  is  warmer  than  the 
air,  and  possibly  by  conduction.  Of  the  received 
heat,  by  far  the  largest  quantity  is  due  to  the 
incoming  .solar  radiation.  Over  the  ocean  as  a 
whole  it  IS  balanced  by  the  cooling  resulting 
from  rcradiation  and  evaporation. 

Incoming  Radiation 

The  incoming  radiation  includes  the  invisible 
infrared  and  ultraviolet  as  well  as  visible  light. 
Since  it  is  received  from  the  sun  through  the 
atmosphere,  it  obviously  varies  with  latitude, 
season,  time  of  day.  and  the  atmospheric  condi- 
tions, particularly  the  cloud  cover.  The  total 
energy  received  during  the  year  decreases  with 
increasing  latitude  and  in  the  lower  latitudes  of 
the  tropical  regions  the  .seasonal  variation  is 
small,  but  with  increasing  latitude  the  difference 
between  the  amounts  received  during  the 
summer  and  winter  becomes  very  great.  The 
effect  of  clouds  is  very  pronounced;  a  heavy 
cloud  cover  may  reduce  the  incoming  radiation 
to  less  than  25  percent  of  that  received  on  a 
clear  day. 

Direct  heating  of  the  water  by  the  sun  is 
limited  to  relatively  shallow  depths.  Only  about 
3  percent  of  the  radiation  penetrates  below  300 
feet  and  over  50  percent  (all  the  infrarred)  is 
absorbed  in  the  lirst  few  inches.  If  there  were  no 
compensating  heat  losses  and  no  mixing  fantasti- 
cally high  surface  temperatures  and  extremely 
sharp  negative  gradients  just  below  the  surface 
would  occur.  The  penetration  of  light  varies 
somewhat  from  place  to  place  depending  upon 
the  amount  of  suspended  debris  and  organic 
pigments  in  the  water.  This  applies  to  open 
ocean,  since  near  shore  and  in  areas  of  heavy 
plant  growth  the  water  is  practically  opaque  to 
all  wavelengths. 


Effective  Back 
Radiation 

Effective  back  radiation  is  the  term  used  for 
the  excess  of  infrared  emitted  by  the  sea  surface 
over  that  received  from  the  air.  This  balances 
somewhat  less  than  one-half  of  the  incoming 
solar  radiation,  on  the  average.  It  decreases  with 
increasing  humidity  and  increasing  cloud  cover, 
and  may  increase  or  decrease  with  increasing 
water  temperature.  The  latter  is  dependent  on 
how  much  vaporization  affects  the  water  vapor 
content  of  the  overlying  air.  With  heavy,  low 
lying  clouds  present,  the  effective  back  radiation 
drops  to  less  than  25  percent  of  that  on  a  clear 
day.  largely  because  the  clouds  themselves  are 
.sources  of  infrared  and  radiate  heat  into  the 
ocean  on  their  own  account.  Clouds  prevent 
direct  solar  radiation  from  reaching  the  sea 
surface.  Heat  losses  from  back  radiation  occur  in 
the  uppermost  fraction  of  an  inch  in  the  water 
and  are  transmitted  to  greater  depths  by  convec- 
tive  overturn  and  wind  mixing. 

Evaporation 

Evaporation  depends  primarily  upon  the  tem- 
perature of  the  water  and  the  air,  the  humidity, 
and  the  wind  strength.  Evaporation  can  best  be 
understood  by  considering  the  process  as  one  of 
transfer  of  water  vapor  away  from  the  surface. 
The  greater  the  water  vapor  gradient  the  more 
rapid  the  evaporation  and  hence  the  greater  the 
heat  loss.  Cold,  dry  air  overlying  warm  water 
therefore  favors  rapid  evaporation.  High  winds 
increase  evaporation  by  removing  the  water 
vapor. 

Forecasting  Method 

Fhe  heat  budget  will  be  represented  by  the 
following  equation: 

Q  =  Q,  +  Qc-Qb-Qc-Qr-Qh 


where  Q 

Qc 
Qb 

Qe 
Qr 

Qh 


Net  gain  or  loss  of  heat 
Insolation 

Heat  gain  by  condensation 

Effective  back  radiation 

Heat  loss  owing  to  evaporation 

Reflected  radiation 

Heat  conduction  across  interface 
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To  (leterniiiie  tho  value  of*  the  indivklual 
components,  it  is  necessary  to  conipiuc  values 
from  graphs  and  nomograms.  The  publication. 
Ocean  Thermal  Structure  Forecasting,  SP-105, 
contains  those  values  along  with  the  necessary 
graphs  and  nomograms.  It  is  rocomnientled  that 
foreca,sters  utilize  this  publication  when  deter- 
mining the  gain  or  lo,ss  of  heat  to  the  ocean 
surfaces. 

FORECASTING  MIXING 

To  forecast  the  mixing  that  will  occur  in  a 
portion  of  the  ocean  it  is  necessary  to  tlrst 
discuss  some  of  the  mixing  processes  that  take 
place. 

Convective  Overturn 

When  surface  water  cools,  its  density  increases 
and  it  sinks,  causing  convective  overturn. 
Equally  important  is  the  increase  in  salinity 
resulting  from  evaporation.  The  increa,sed  den- 
sity, arising  from  this  cause,  contributes  greatly 
to  overturn  and  the  dovelopmenl  of  isothermal 
surface  layers.  Thus,  cooling  by  evaporation 
increases  density  in  two  ways  and  is  less  likely  to 
be  accompanied  by  positive  temperature  gradi- 
ents than  is  cooling  by  radiation  alone. 

Conditions  that  tend  to  lessen  the  salinity  of 
the  surface  layer  would  have  the  opposite  effect, 
and  would  tend  to  favor  the  development  of 
positive  gradients.  Such  a  condition  might  result 
from  precipitation.  For  the  ocean  as^a  whole 
however,  evaporation  exceeds  precipitation.  This 
is  shown  in  figure  15-3.  It  will  be  noted  m  the 
figure  that  regions  of  excess  evaporation  m  low 
and  mid-latitudes  correspond  to  regions  of  rela- 
tively high  surface  salinity  and  deep  thermo- 
clines.  Just  north  of  the  equator  and  in  latitudes 
above  40  degrees,  where  precipitation  exceeds 
evaporation,  the  surface  salinity  is  low. 

The  deficit  in  the  water  content  of  the  ocean 
that  is  cau.sed  by  the  general  excess  of  evapora- 
tion over  precipitation  is  made  up  by  runoff 
from  land.  Near  land,  and  especially  near  the 
mouths  of  rivers,  surface  salinities  are  lower  than 
in  the  open  oceans  or  at  depths.  This  favors  the 
development  of  positive  temperature  gradients, 
since  it  increases  their  stability. 


NORTH  LATITUDE  SOUTH  LATITUDE 

50    40     30     20      10      0      10    20     30    40  50 


AG.714 

Figure  15-3.-Variation  of  average  evaporation,  precipi- 
tation, and  salinity  with  latitude.  Shaded  areas  show 
regions  where  precipitation  exceeds  evaporation. 

Mechanical  Mixing 

Mechanical  mixing  is  caused  by  wind  and  does 
not  necessarily  involve  any  gain  or  loss  of  heat; 
nevertheless  it  m..y  modify  "the  temperature 
distribution.  The  effect  of  wind  dep'  :ids  not 
only  upon  its  strength,  but  also  upon  its 
duration  and  on  the  distance  over  which  it  has 
blown  it  is  quite  obvious  that  the  first  effect  of 
the  wind  will  be  confined  to  the  immediate 
surface,  but  that  the  turbulence  will  extend  to 
greater  c'epths  after  the  wind  has  been  blowing 
for  soni'/  time.  The  original  density  distribution 
of  the  surface  layer  will  affect  the  rate  at  which 
the  turbulence  penetrates  the  layer.  A  very 
stable  layer  will  be  less  easily  mixed. 

Rotation  of  the  Ilarth 

It  is  a  remarkable  fact  that  the  daily  rotation 
of  the  earth  about  its  axis  also  affects  the  depth 
to  which  the  wind  mixing  penetrates.  The 
theories  concerning  the  rotation  effect  are  too 
involved  to  be  included  in  this  manual,  however, 
nil  agree  that  a  wind  of  given  force  will 
ultimately  produce  a  deeper  mixed  layer  in  low 
latitudes  than  in  hi<4h. 
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Forecasting  Methods 

Forecasting  procedures  for  predicting  mixing 
action  over  the  ocean  nivolves  the  coniputdtion 
of  a  number  of  variables.  The  procedures  are 
discussed,  with  examples,  m  the  publication. 
Ocean  Thermal  Structure  Forecasting,  SP-105, 
Personnel  should  refer  to  this  publication  fur 
procedures  and  formulas  for  preparing  such 
forecasts. 


APPLICATION  OF  NUMERICAL  PRODUCTS 
TO  SUBSURFACE  FORECASTS 

In  preparing  forecasts  for  ASVV  operations 
forecasters  will  rely  to  a  great  extent  on  charts 
that  are  received  via  facsimile.  Most  of  these  will 
be  numerically  produced  and  they  will  include 
the  Sea  Surface  Temperature  Analysis  fSST),  the 
Sonic  or  Mixed  Layer  Depth  Chart  (SLD  or 
MLD),  the  Gradient  Below  the  Surface  (GRD), 
Selected  Bathythermograph  Traces,  Sea  Height 
Prog  Charts,  and  others  whose  availability  may 
vary. 

Sea  Surface  Temperature  charts  are  con- 
structed to  provide  a  representative  view  of  the 
sea  surface  temperature  patterns.  Only  the  main 
features  of  the  SST  field  are  shown.  Diurnal  and 
other  short-term  temperature  changes  are  not 
normally  detected.  SST  charts  provide  funda- 
mental information  for  the  conversion  of  en- 
vironmental data  into  operational  data  of 
concern  to  ASVV  forces.  This  information  may 
be  readily  utilized  in  forecasting  of  sonar  ranges. 

Sonic  Layer  or  Mixed  Layer  Depth  charts  are 
based  on  BT  reports  received.  MLD/SLD  charts 
are  used  in  conjunction  with  SST  charts  to 
determine  the  depth  at  which  submarines  may 
or  may  not  be  readily  detected.  Areas  in  which 
sonar  ranging  may  also  be  affected  can  be 
determined. 

The  Gradient  Below  the  Layer  depicts  the 
vertical  temperature  gradient  in  terms  of  change, 
plus  or  minus,  that  is  taking  place  over  a  given 
distance,  which  in  this  case  is  depth.  The  chart 
delineates  areas  of  change  in  degrees  per  100 
feet  below  the  some  layer.  Temperature  gradi- 
ents provide  a  measure  of  the  vertical  ,sound 
velocity  which  may  be  utilized  to  determine  the 
ray  curvature  and  other  variables. 


Charts  dealing  with  ocean  surface  conditions 
are  prepared  and  disseminated  also.  Although 
sea  condition  is  frequently  ignored  or  lightly 
touched  by  forecasters,  it  is  of  great  importance 
to  the  ASVV  operator,  as  it  can  reduce  the 
effectiveness  of  equipment  to  a  minimum. 
Combined  sea  height  data  is  computed  and 
disseminated  in  both  facsimile  chart  and  message 
form  via  the  Fleet  Broadcast,  Data  on  sea  state 
and  sea  waves  are  also  prepared  but  not  as 
widely  disseminated.  This  information  is  avail- 
able upon  request. 

A  chart  of  selected  BT  traces  is  also  received 
by  some  units.  These  are  actual  BT  traces  for 
selected  points.  Location  may  be  given,  keyed  to 
operational  orders,  or  the  traces  may  be  for 
predetermined  points.  The  usage  of  the  BT 
traces  is  somewhat  limited  unless  they  are  in 
close  proximity  to  the  point  for  which  the 
forecast  is  being  prepared.  They  will,  however, 
for  their  position,  provide  excellent  data  for 
estimating  sonar  conditions,  by  allowing  the  user 
to  evaluate  the  temperature  gradient  in  each 
layer  of  water. 

Two  of  the  most  widely  used  numerical 
products  used  in  the  preparation  of  the  ASW 
forecast  are  the  ASRAPS  and  SHARPS  which 
are  received  via  message.  Both  of  these  products 
will  be  discussed  in  the  next  section  of  this 
chapter. 


THE  ANTISUBMARINE  WARFARE 
ENVIRONMENTAL  PREDICTION 
SERVICE 

The  Antisubmarine  Warfare  Environmental 
Prediction  Service,  comniunly  referred  to  as 
ASWEPS,  was  established  during  the  early  part 
of  1959  for  the  purpose  of  developing  an 
integrated  system  of  predicting  and  displaying 
parameters  for  antisubmarine  warfare  opera- 
tions. It  is  designed  to  provide  ocjanographic 
analyses  and  forecasts  utilizing  up-to-the-minute 
data  collected  from  various  observation  points. 

Oceanographic  data  is  collected  by  the  Re- 
gional Oceanographic  Net  and  the  Mobile  Ocean- 
ographic Net.  The  raw  data  is  then  processed 
into  usable  ASW  oceanographic  data  and  ve- 
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turned  to  the  Heet  users  in  the  tbrni  of 
environmental  forecasts,  regional  charts,  and 
detailed  area  charts. 

OCEANOGRAPHIC  SERVICES 

A  variety  of  oceanographic  services  are  avail- 
able to  fleet  users.  These  include:  (I)  general 
oceanographic  analysis  and  forecasts;  (2)  tai- 
lored products  such  as  analysis  and  forecasts 
prepared  for  environmental  effects  upon  specific 
ASW  sensor  systems;  and  (3)  oceanographic 
outlooks  for  specific  areas. 

Fleet  meteorological  units  and  NWSED's 
modify  and  tailor  data  received  from  central 
computing  points,  then  present  them  to  the 
local  users,  primarily  in  the  form  of  predicted 
sensor  ranges. 

The  various  charts,  both  analysis  and  prognos- 
tic, are  utilized  by  the  weather  unit  along  with 
message  type  forecasts  to  prepare  a  standard 
ASW  environmental  briefing  folder.  This  folder 
provides  each  flight  crew  with  all  the  synoptic 
and  forecasted  oceanographic  data  as  well  as 
forecasted  sensor  ranges.  It  will  usually  be  issued 
to  the  flight  crews  at  the  prellight  weather 
brietlng. 

ASRAPand  SHARPS 

The  Acoustic  Sensor  Range  Prediction  System 
(ASRAP)  and  Ship  Helicopter  Acoustic  Range 
Prediction  System  (SHARPS)  have  been  devel- 
oped to  provide  a  standard  environmental  and 
tactical  acoustic  range  prediction  system  applic- 
able to  both  active  and  passive  systems.  This 
range  prediction  information  is  normally  re- 


ceived in  message  form,  interpreted  and  pre- 
sented to  the  user  by  Naval  Weather  Service 
personnel,  except  in  the  case  of  smaller  ships 
where  this  is  done  by  sonar  operators. 

ASRAP  provides  standard  environmental  and 
tactical  predictions  for  patrol  (VP)  ASW  forces 
for  both  active  and  passive  systems.  ASRAP 
displays  are  standard  with  the  passive  ranges 
being  shown  using  a  graph-like  chart  with 
decibels  and  range  in  nautical  miles  as  the 
vertical  and  horizontal  axis,  respectively.  Infor- 
mation is  provided  for  both  shallow  and  deep 
targets  using  hydrophones.  The  active  ASRAP 
display  presents  forecasted  ranges  for  active  sys- 
tems with  varying  combinations  of  Target/SUS 
and  Hydrophone  depths.  The  forecasts  pro- 
vided are  for  predetermined  points  of  lati- 
tude and  longitude.  These  points  are  considered 
to  be  repres-jntative  for  the  entire  corresponding 
area  surrounding  them. 

The  SHARPS  provides  routine  daily  range 
calcuiatiom,  based  upon  propagation  loss  data 
for  tleet  sonar  systems.  The  SHARPS  system  is 
area  oriented,  an  advantage  to  both  operational 
planners  and  tacticians.  SHARPS  provides  a 
spectrum  of  ranges  expected  in  an  area.  Bottom 
reverberation  loss  calculations,  convergence 
zone,  and  bottom  bounce  ranges  are  provided 
for  shipboard  systems,  while  passive  ranges  for 
helicopter  systems  are  also  included.  The  system 
is  llexible  in  that  it  is  applicable  to  all  active 
sonar  systems  in  a  variety  of  operating  situ- 
ations. 

Both  systems  are  under  continuous  evaluation 
and  are  subject  to  change  to  cover  additional 
systems,  take  advantage  of  new  data,  or  present 
a  better  display  to  the  user. 
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CHAPTER  16 

SPECIAL  OBSERVATIONS  AND  FORECASTS 


This  chapter  is  intended  to  provide  informa- 
tion related  to  the  observation  and  forecasting 
of  those  environmental  parameters  which  are 
difficult  to  categorize  with  the  commonly  recog- 
nized types  of  meteorological  and/or  oceano- 
graphic  data. 

AIR  POLLUTION  POTENTIAL 

Air  Pollution  Potential  (APP)  is  definable  as  a 
measure  of  the  inability  of  the  atmosphere  to 
adequately  dilute  and  disperse  pollutants  emit- 
ted into  it  based  on  values  of  specific  meteoro- 
logical parameters  of  the  macroscale  features. 
The  Development  Division  of  the  National  Mete- 
orological Center  (NMC)  and  the  Division  of 
Meteorology  of  the  National  Air  Pollution  Con- 
trol Administration  (NAPCA)  have  developed 
criteria  and  procedures  to  delineate  areas  on  the 
macroscale  in  which  high  APP  has  the  greatest 
possibility  of  occurring.  Asa  result,  air  stagnation 
guidance  data  prepared  by  NMC  is  disseminated 
via  facsimile  and  teletypewriter. 

The  Naval  Weather  Service  Command  is  re- 
sponsible for  developing  and  maintaining  up-to- 
date  procedures  related  to  interpreting  and 
tailoring  National  Weather  Service  air  pollution 
potential  (APP)  forecasts  for  interested  U.S.  Navy 
sea  and  shore  activities.  This  section  will  present 
information  relative  to  the  use  of  APP  forecasts 
and  the  procedures  fo*-  jloring  them  for  local 
application. 

The  routine  applica  of  meteorology  to 
local  air  pollution  contiv..  is  relatively  new  by 
comparison  to  other  aspects  of  forecasting.  It  is 
incumbent  upon  the  individual  forecasters  to 
apply  their  experience  and  judgement  in  the 
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application  of  this  data  as  part  of  their  environ- 
mental support  services.  The  National  Weather 
Service  has  established  Environmental  Meteoro- 
logical Support  Units  (EMSU)  at  major  cities  in 
the  United  States  to  assist  in  providing  the 
necessary  data  required  to  maintain  an  efficient 
pollution  forecasting  program.  Naval  Weather 
Service  personnel,  as  practicable,  should  estab- 
lish a  close  working  relationship  with  the  EMSU 
Meteorologist. 

The  problem  of  air  pollution  is  caused  basi- 
cally by  a  source  emitting  pollutants  within  a 
space  which  is  unable  to  adequately  dilute  or 
disperse  these  pollutants.  Both  the  pollutant 
source  and  the  dispersion  or  dilutant  capabili- 
ties of  the  area  must  be  considered  when 
determining  air  pollution  potential.  Some  under- 
standing of  the  nature  of  pollutants  is  therefore 
required. 

POLLUTANTS 

Pollutants  are  particles,  gases,  or  liquid  aero- 
sols in  the  atmosphere  which  have  undesirable 
effects  on  man  or  his  surroundings.  The  magni- 
tude of  the  concentrations  of  these  pollutants 
ordinarily  determines  their  undesirable  charac- 
teristics. If,  for  example,  air  reaching  an  installa- 
tion IS  pollution  free,  then  the  installation  might 
be  able  to  emit  pouutants  without  exceeding 
undesirable  concentrations  even  under  restricted 
dispersion  conditions.  On  the  other  hand,  if  the 
air  reaching  th»  installation  is  already  saturated 
with  pollutants,  then  even  under  good  dispersion 
conditions,  pollution  emissions  might  not  be 
advisable.  Such  cases  can  be  resolved  by  predict- 
ing pollution  concentrations  through  a  compari- 
son of  existing  diffusion  properties  of  the 
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atmosphere  with  the  known  operating  character- 
istics  of  the  plant,  factory,  ship,  or  other 
pollution  source. 

Dispersion  Concepts 

Atmospheric  dispersion  conditions  are  classi- 
fied as  good,  moderate,  or  poor,  the  latter  being 
a  condition  of  high  air  pollution  potential 
(HAPP). 

The  idea  of  the  atmosphere  dispersing,  dilut- 
ing, or  ventilating  pollutants  is  easily  visualized. 
With  an  unstable  lapse  rate  through  a  deep  layer 
of  the  atmosphere  and  a  strong  wind,  pollutants 
may  be  spread  through  an  extensive  volume  of 
the  atmosphere  and  diluted  to  minimal  concen- 
trations. On  the  other  hand,  a  low  inversion  and 
a  light  wind  may  confine  emissions  to  a  shallow 
atmospheric  layer  and  pollutant  concentrations 
become  larger.  If  the  latter  conditions  persist 
and  emissions  continue,  pollutant  concentra- 
tions may  become  unacceptable. 

APP  Terminology 

Discussing  pollutant  dispersion  quantitatively 
requires  the  use  of  a  number  of  descriptive  terms 
wiih  which  the  forecaster  must  become  familiar. 
These  terms  are  defined  in  the  following  para- 
graphs, 

AIR  POLLUTION  POTENTIAL  (APP).^A 
measure  of  the  inability  of  the  atmosphere  to 
adequately  dilute  and  disperse  pollutants  emit- 
ted into  it.  based  on  values  of  specific  meteoro- 
logical parameters  of  the  macroscale  features. 

MIXING  HEIGHT. -The  surface-based  layer 
in  which  relatively  vigorous  mixing  occurs 
(meters). 

TRANSPORT  WIND  SPEED.-A  measure  of 
the  average  rate  of  the  horizontal  transport  of 
air  within  the  mixing  layer  (meters  per  second). 

VENTILATION.  The  product  of  the  mixing 
height  and  the  transport  wind  speed.  A  measure 
of  the  volume  rate  of  horizontal  transport  of  air 
within  the  mixing  layer,  per  unit  distance, 
normal  to  the  A^ind  (meters^  per  second). 

STAGNATION  AREA.~A  combination  of 
stable  stratification,  weak  horizontal  wind  speed 
components,  and  little,  if  any,  significant  preci- 
pitation. It  is  usually  associated  with  a  warm- 
core  type  anticyclone. 


FAVORABLE  CONDITIONS 
FOR  POLLUTION 

The  three  principal  meteorological  conditions 
which  have  been  found  to  be  most  favorable  for 
the  formation  of  a  pollutant  stagnation  area  are 
as  follows: 

1.  A  slow  moving  anticyclone  with  a  small 
horizontal  pressure  gradient. 

2.  Liglit  surface  winds  not  exceeding  seven 
knots  and  winds  aloft  not  exceeding  25  knots. 

3.  Subsidence  in  the  lower  layers  of  the 
atmosphere.  This  phenomenon  with  its  attend- 
ant warning  and  drying  effect  produces  stabili- 
zati(  n  and  the  formation  of  inversions  which 
limit  vertical  mixing. 

The  greatest  variations  of  air  pollution  poten- 
tial are  those  of  short  duration  due  to  the 
systematic  variation  of  wind  and  stability  be- 
tween night  and  day. 

As  stated  earlier  in  this  chapter,  atmospheric 
dispersion  of  pollutants  is  described  as  good, 
moderate,  or  poor  in  intensity.  The  intensity 
assigned  depends  on  the  mixing  depth  (MXDP) 
and  the  transport  windspeed  (TW).  Whether 
^hese  conditions  will  persist  is  governed  by  the 
presence  or  absence  of  a  stagnation  area.  A 
synoptic  situation  with  a  deep  unstable  layer 
and  a  strong  wind  is  described  as  having  a  large 
MXDP  and  a  large  TW;  whereas,  a  synoptic 
situation  with  a  low  inversion  and  low  wind 
speed  is  characterized  as  having  a  low  MXDP  and 
low  TW.  The  product  of  MXDP  and  TW  is 
termed  ventilation  and  is  a  measure  of  the 
atmosphere's  capability  to  dilute  or  to  disperse 
pollutants.  The  use  of  the  term  ''stagnation 
area"  provides  an  objective  delineation  of  a 
geographical  area  where  the  atmosphere  will 
undergo  little  synoptic  change  and  where  pollut- 
ants will  accumulate.  It  is  an  important  forecast 
parameter  and  will  be  discussed  in  more  detail 
later  in  this  chapter. 

Parameters  and  Critical  Values  for 
Delineating  Stagnation  Areas 

Computations  for  delineation  of  stagnation 
areas  are  accomplished  at  NMC  primarily  by 
computers.  Furthermore,  as  a  result  of  the 
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relative  newness  of  APP  forecasting,  parameters 
and  critical  values  are  continually  being  reevalu- 
ated and  are  subject  to  change.  In  view  of  these 
facts.  It  IS  not  feasible  to  list  specific  items  in 
this  publication.  It  is  sufficient  to  state  that 
wind  speed,  stability  criteria,  and  precipitation 
are  major  considerations. 

Calculation  of  Mixing  Height 
and  Transport  Windspeed 

Once  the  stagnation  areas  have  been  deter- 
mined, the  next  step  is  to  calculate  the  mixing 
height  and  the  transport  wind  speed.  These 
computations  as  well  as  those  previously  men- 
tioned for  stagnation  areas  are  normally  accom- 
plished objectively  by  computers  at  NMC. 

NMC  AIR  POLLUTION 
POTENTIAL?  3DUCTS 

National  Meteorological  Center  APP  products 
transmitted  over  facsimile  and/or  teletype  cir- 
cuits and  the  dispersion  criteria  derived  from 
them  identify  meteorological  conditions  associ- 
ated with  the  large-scale  buildup  and  dispersion 
of  pollutants  over  or  downwind  of  an  urban 
area.  Such  areas  emit  pollutants  from  ground- 
level  sources  as  well  as  from  elevated  sources, 
such  as  stacks,  etc.  Downwind  of  the  sources 
and  over  the  areas  where  pollutants  from  all 
sources  mix  together,  pollution  concentrations 
correspond  well  with  observed  APP  conditions. 
Keep  in  mind  how«^ver  that  current  and  forecast 
meteorological  conditions  must  be  considered 
when  utilizing  these  products.  F^or  example,  if  a 
very  stable  ground  inversion  exists  below  stack 
height  outside  of  an  urban  area,  it  is  very 
probable  that  stack  emissions  would  drift  over 
the  area  above  the  inversion  with  little  effect  on 
ground  pollution  concentrations.  Pollution  con- 
centrations would  probably  remain  low  and  the 
area  might  be  considered  pollution-free  despite 
an  APP  forecast  calling  for  poor  dispersion 
conditions.  On  the  other  hand,  in  an  urban  area 
where  ground-level  sources  of  pollution  from 
high  volume  vehicular  traffic,  numerous  home 
and  commercial  heating  installations,  etc.,  exist, 
these  factors  would  make  up  for  the  reduction 
in  pollution  from  the  elevated  sources  and  the 
AFP  forecast  would  verify.  F'orecasts  of  APP  are. 


thus,  most  useful  in  describing  dispersion  condi- 
tion areas  within  or  downwind  of  urban  areas. 
However,  by  tailoring  the  forecasts  in  a  manner 
similar  to  that  described  later  in  this  section 
they  may  be  applied  to  other  locations. 

In  the  preceding  paragraphs  we  have  discussed 
dispersion  of  pollutants  in  general  terms.  In  the 
following  paragraphs  information  is  presented 
relating  to  obtaining  Air  Pollution  Potential 
products  over  the  facsimile  and  teletype  circuits 
and  the  application  of  this  data  to  forecasting. 

Facsimile 

Facsimile  charts  depicting  APP  information 
are  transmitted  daily  over  the  NMC  FOFAX 
circuits  at  various  times  depending  on  the 
circuit.  A  detailed  description  of  these  charts 
may  be  found  in  Technical  Procedures  Bulletin 
No.  69  (or  its  revision)  available  from  U.S. 
Department  of  Commerce,  NOAA,  NWS,  Silver 
Spring.  Maryland  209,10. 

The  data  entered  on  the  four  panel  facsimile 
chart  will  be  similar  to  that  illustrated  in  figure 
1()-1.  Agam,  the  newness  of  the  program  makes 
the  data  subject  to  change.  The  data  will 
primarily  be  used  to  assist  in  making  HAPP 
advisories.  To  a  limited  extent,  the  data  may 
also  be  used  in  making  local  forecasts  of  good 
and  moderate  dispersion  conditions. 

APPLICATION. -The  APP  charts  have  two 
applications.  Primarily,  it  alerts  the  forecaster  to 
poor  dispersion  conditions  and  to  the  need  for  a 
HAPP  advisory.  Secondarily,  it  can  be  used  to  a 
limited  extent  as  a  data  source  for  issuing 
advisories  of  good  and  moderate  dispersion.  To 
use  the  chart  as  a  basis  of  a  local  HAPP  advisory, 
the  forecaster  examines  the  chart  to  determine  if 
his  ship  or  station  will  be  in  an  area  conducive  to 
the  accumulation  of  pollutants.  To  check  local 
T\V  or  MXDP  ^'alues,  the  forecaster  can  consult 
the  detailed  inesoscale  information  of  FKUS-1, 
the  local  Environmental  Meteorological  Supp-^n 
Unit  (EMSU)  sounding,  or  a  nearby  radiosond- 
Assuming  HAPP  criteria  are  met,  an  advisory  ' 
issued  to  the  appropriate  control  authorities. 

All  Naval  Weather  Service  units  receive  via 
Comet  HI  eircuitry  the  FKUS  1-Air  Pollution 
Potential  Data  and  FKUS-2  Air  Stagnation 
Narrative.  Detailed  information  on  FKUS  1  is 
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toumi  on  page  12  oi  I  SS  \  kchnital  Mcnioian- 
dum  WirrM  4^.  and  on  I  kbS  2  in  I  cJiniuil 
Procedures  Bulletin  Ni).  5S  (oi  Us  leviMon). 

TKUS  L  Mils  ^i>ded  uKssagc  pri)\idcs  de- 
tailed MXDP  and  I  W  inUmnation  loi  OUZ.  12/. 
and  OOZ,  i.e.,  data  lioin  >csteula\  afternoon, 
tins  morning,  and  llus  alunuA)n.  Note  that  tlu.s 
afternoonN  OOZ  data  au  ual!\  a  I  2-iH  foKvast 
babod  on  the  I  2Z  ,souiuhng  and  wmds.  and  that 
a       group  indicates  niissing  data. 

I'KUS  2.  I  hb  plain  language  nairative  mes- 
sage deseribes  the  facMnule  package. 

APPUC'AIION  Ol-  MLSSAGI-..  I  hese  two 
messages  allow  ealeulation  of  al!  dispersion 
conditions  and  permit  issuance  of  a  IIAPP 
advisory.  Message  f  RUS  I  contains  MXDP  and 
TW  data,  and  vcntilatiun  rales  can  be  x.alcu!ated 
using  these  inputs,  forecasting  bc\  ond  I  2  hours 
is  aided  by  noting  the  stagnation  areas  and  using 
a  persistence  forecast  toi  \  \V  aiKl  .MXDP  m  these 
areas.  The  inclusion  of  yesterda\\  data  also 
allows  a  check  on  the  persistence  forecast:  the 
forecaster  can  estimate  24-hour  changes  and 
judge  the  possibility  of  persistence  holding  for 
another  24  hours. 

CONVLNTIONAL  F  ACShMILL  PRODUCTS 

In  the  absence  of  NMC  APP  products,  conven- 
tional facsimile  charts  are  of  value  in  estimating 
and  forecasting  pollution  conditions.  Lower 
level  winds  can  be  estimated  from  winds  aloft 
charts  and  many  of  the  criteria  for  delineating  a 
stagnation  area  can  be  determined  from  the 
vorticity  and  constant  pressure  charts.  Available 
trajectory  forecasts  can  also  help  in  determining 
stagnation  areas  m  lorccasting  lapse  rates. 

TAILORING  THE  FORECAST 

The  NMC  APi^  products  can  be  tailored  for 
local  application.  Some  factors  to  be  con.sidered 
are* 


ver\  good  01  \er\  puor  edilditions,  however,  are 
likely  to  verify  at  most  Naval  installations. 

2.  Meteoiological  Conditions.  TT  and  lv\X 
data  are  usualK  calculated  for  points  distant 
fiom  the  base.  These  data  can  be  adjusted  foi 
local  effects  ^uch  as  exposed  locations  with 
highei  than  pie\aihng  w indspeed  elevatron,  etc. 
The  loc  d  forecaster  can  usualK  improve  the 
representati\eness  of  MXDP  and  TW  when  local 
data  are  available  or  when  local  predictions  are 
moie  representati\e.  Such  modifications  must  be 
used  to  make  observed  or  forecast  APP  more 
repiesentati\e  of  the  conditio.  .  surrounding  the 
ship  or  station. 

Topograplu.  Locations  adjacent  to  moun- 
tains Ol  ridges,  for  example,  may  rmd  air 
nio\ement  blocked  and  that  pollutants  accumu- 
late despite  otherwise  excellent  dispersion  condi 
tions.  1  orccast  .APP  condilions  should  be  ad- 
justed accordmglv.  with  perhaps  a  different 
w  eighting  factor  used  for  a  TW  from  a  particular 
direction. 

4.  Synoptic  Situation.  Local  interested  activi- 
ties may  be  alerted  to  anticipated  changes  in  the 
synoptic  situation  to  enable  them  to  prepare  for 
improved  dispersion  conditions.  They  may  also 
be  w^arned  in  advance  of  impending  11  APP 
conditions. 

5.  Wind  Direction.  The  local  APP  index  may 
be  adjusted  for  wind  direction.  If.  for  example, 
base  pollution  sources  are  to  the  west  o^'  the 
ba.>e.  then  perhaps  the  APP  index  during  an  east 
wind  should  indicate  a  lower  APP  index,  i.e  . 
better  dispersion  conditions,  than  during  a  west 
wind. 

6.  Timing-  The  forecaster  should  tend  to  be 
conservative  in  issuing  a  forecast  of  llAPP  and 
be  equally  as  conservative  in  calling  for  its  end. 


Figure  16-2  illustrates  the  possible  format  for 
an  air  pollution  forecast  worksheet  This  is 
included  as  merely  a  suggested  format  and 
.should  be  altered  as  necessary  to  meet  local 
requirements. 

It  nuist  be  emphasized  that  forecasts  are 
prepared  for  pollution  potential  and  not  for 
specific  pollutant  concentrations  Procedures  for 
diss  minatmg  pollution  forecasts  should  be  de- 
veloped in  coordination  with  base  pollution 
control  authorities. 


1.  Emission  Source.  APP  criteria  are  most 
accurate  in  predicting  dispersion  conditions  over 
and  downwind  of  a  large  urban  pollution  source. 
The  closer  the  atmospheric  characteristics  of  the 
ship  or  station  resembles  an  urban  area,  the 
more  likely  is  the  APP  lorecast  to  be  accurate 
over  all  dispersion  conditions  APP  forecasts  of 
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SUGGfiSTllD  AII^  POLLUriJX  ray-GMJT  WOIlKSi IliiTr 

1.  Obtain  appropriate  FOF-iW  chart,  teletype  messages  PKUS-1  and 
FKUS-2,  and  local  BISU  and  radiosonde  reports  for  tlie  day. 

2.  Dcteniiine  weighting  factor  (WF)  for  morning  conditions: 

a.  =  TiV  (WP)  =  

b.  MXDP  =  §  MXDP  (WF)  =  

3.  Determine  weighting  factor  for  afternoon  conditions. 

a.  'iV/     =  5       (V.-F)  =  

b.  >Da)P  =  5  MXDP  (WF)  =  

c .  Vent  =  MXDPXT.V  =  §  Vent  (WF)  =  

4.  Calculate  morning  APP  Index. 

•p.v  (WF)  +  :kDP  (WF)  =  

5.  Calculate  afternoon  APP  Index. 

(WT)  +  Vent  (WF)  =  

6.  If  .APP  Index  is  between: 

a.  +1  f,  -1,  then  forecast  moderate  dispersion. 

b.  -15-4,  then  forecast  good  dispersion  conditions. 

7.  Determine  if  base  to  be  in  a  stagnation  area  for  56  iiours 
by  ex;miining  FOP/V\  chart  or  f-TUS.    If  tiie  base  is  so  af- 
fected, and  morning  and  afternoon  ..\PP  index  >  +1,  tlien 
forecast  li>\PP. 

8.  Determine  end  of  iLAPP  conditions  by  noting  when  ventilation 
exceeds  8000  m^/sec  or  IK  exceeds  4.5  mps. 


AG.716 

Figure  16-2.-Suggested  air  pollution  forecast  worksheet. 


HIGH  AIR  POLLUTION  POTENTIAL 
(HAPP)  FORECASTS 

A  HAPP  advisory  is  the  mosl  important  of  the 
pollution  forecasts.  Conceivably,  it  could  affect 
aircraft  or  ships  operations  and,  certainly,  it  is 
the  one  to  generate  the  widest  interest  with  the 


public.  The  latter  is  especially  true  if  a  nearby 
city  is  under  a  pollution  alert  as  a  result  of  a 
HAPP  forecast. 

One  .system  in  u.se  for  determining  if  an 
advisory  should  be  i.ssued  relates  an  APP  mdex 
to  dispersion  as  follows: 
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pollution  poleiitinl.  The  weighting  taclor  vritcria 
are  provided  in  Table  16-1.  The  morning  APP 
index  is  equal  to  the  Weighting  Factor  for  T\V 
plus  the  Weighting  Factor  lor  MXDP.  The 
afternoon  APP  index  is  equal  to  the  Weigliiing 
Factor  for  TW  plus  the  Weightir«  Pactor  for 
Ventilation  (Vent):  Vent  is  determined  by  mulM- 
plyingMXDP  bvTW. 

The  dispersion  criteria  provided  in  table  16-1 
are  included  for  use  as  a  guide  only  and  are  for 
locations  away  from  an  urban  area.  These 
criteria  normally  require  modification  to  meet 
individual  requirements.  In  the  absence  of  urban 
pollution,  dispersion  t.onditions  defined  a^good 
by  these  criteria  should  verify  while  those 
defined  as  bad  may  not  be  quite  as  bad  as  a  city 
area  under  similar  meteorological  conditions. 


Table  16-1  .-Pollution  dispersion  criteria. 


Minimum  dispersion  period  (morning) 


Weighting  Factor  for 

Weighting  Factor  for 

Mixing  Depth  (MXDP) 

Transport  Wind  (TW) 

MXDP 

<  250  m 

+  1 

T'N  <  2  mps               =  +2 

250  m 

<  MXDP  <  500  m  = 

0 

2  mps  <  TW  <  4  mps  =  +1 

500  m 

<  MXDP  <  700  m  = 

- 1 

4  mps  <  TW  <  6  nips  =  0 

MXDP 

>  700  m 

-2 

6  mps  <  TW  <  8  mps  =  - 1 

TW  >  8  nips               =  -  2 

Maximum  dispersion  period  (normally  afternoon) 


Weighting  Factor  fur 
Ventilation  (Vent) 

Weighting  F:iclor  for 
Transport  Wind  (TW) 

Vent 

m2 

<  4000  — 
sec 

=  +1 

TW  <  2.5  mps 

+2 

4000 

—  <  Vent  <  6000  JI^l 
sec  sec 

=  +0 

2.5  mps  <  TW  <  4.0  mps  = 

•H 

6000 

7  2 

'—  <  Vent  <  8000  7^ 
sec  sec 

=  -1 

4.0  mps  <  TW  <  5.0  mp.s  = 

0 

8000 

<  Vent 

sec 

=  -2 

5.0  mps  <  TW  <  6.0  mps  = 
TW  >  6  mps 

-  1 

,  2 

APP  Index  Dispersion 


PoorJ.e.^HAPP 

Moderate  to  Poor 
Moderate 
Moderate  to  Good 


Good 


For  measurable  precipitation,  subtract  I  from 
the  APP  index  if  the  morning  or  afternoon  APP 
is  greater  than  zero. 

The  APP  index  is  determined  by  using  MXDP 
and  TW  to  determine  weighting  factors  which 
are  then  added  separately  for  morning  and 
afternoon  conditions  to  obtain  a  measure  of  air 
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Criteria  for  Issuing 
a  HAPP  Advisory^ 

Suggested  criteria  for  issuing  a  local  area 
I  lAPP  advisory  are  as  follows: 

1.  Detachment  information  indicates  the  fol- 
lowing: 

a.  Local  HAPP  currently  exists. 

b.  It  is  expected  to  persist  for  at  least  an 
additional  36  hours. 

c.  Objective  threshold  HAIT  criteria  as 
follows: 

(M  Morning  APP  will  be  ^re:lter  than 

+  1. 

(2)  Afternoon  APP  will  be  greater  than 

+  1. 

(3)  Stagnation  is  forecast  for  36  or  more 

hours- 

d.  The  ship  or  station  is  adjacent  to  or  in 


close  proximity  to  a  city  under  a  HAPP  advisory 
and  meteorological  conditions  at  the  ship  or 
station  are  similar  to  those  of  the  nearby  city. 

Typical  Use  of  HAPP  Advisory 
by  Control  Agency 

The  use  of  a  HAPP  advisory  in  a  pollution 
alert  system  is  illustrated  in  figure  16-3. 

Termination  of  HAPP  Advisory 

A  HAPP  advisory  will  normally  be  terminated 
whenever  ventilation  exceeds  8.000  m-/sec  or 
the  transport  wind  exceeds  4.5  mps. 

RADAR  INTERPRETATION 

The  application  of  radar  as  an  aid  to  observing 
and  forecasting  weather  has  provided  the  fore- 
caster with  infomiation  of  inestimable  value  in 
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Figure  16-3.-Example  of  utilization  of  HAPP  advisory  by  a  controlling  agency. 
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many  instances.  Its  use  in  lIiundersloriiK  lor- 
nado«  and  luirricane  detection  and  warning  have 
materially  reduced  the  destruction  and  loss  of 
life  due  to  these  phenomena.  MeleoroloiTical 
radar  is  discussed  in  chapter  18  of  this  manual. 
Other  types  of  shipboard  radar,  although  not 
specifically  designed  to  observe  weather,  can  be 
useful  to  the  forecaster  during  adverse  weather  if 
its  current  operation  is  not  of  a  higher  priority. 
The  value  of  this  equipment,  as  with  all  othcT 
meceorological  equipment,  is  to  a  larj;e  degree  de- 
pendent upon  the  experience  of  the  operators  and 
forecasters  involved.  Tlie  intent  of  this  section  is  to 
present  basic  information  related  to  the  interpreta- 
tion of  radar  echoes,  thereby  providing  a  basic 
foundation  upon  which  the  forecaster  may  build  with 
increasing  knowledge  and  experience. 

IDENTIFICATION  OF  WEATHER 
ECHOES  USING  A  PPI-SCOPE 

Although  a  synoptic  map  gives  definite  indica- 
tion of  an  approaching  front  or  hurricane,  or  of 
the  presence  of  thunderstorms  in  a  specific  area, 
minute-to-minute  tracking  of  these  weather  phe- 
nomena is  not  possible.  From  the  usual  source 
of  weather  information,  the  exact  time  of 
advent  of  adverse  weather  cannot  be  t'orecast, 
although  under  favorable  conditions  it  can  be 
approximated.  The  reflection  of  radar  pulses 
from  clouds  associated  with  precipitation  per- 
mits the  continuous  tracking  of  the  position  of 
such  clouds  with  resp^^ct  to  the  location  of  the 
station.  Thus,  a  degree  of  accuracy  in  the 
forecasting  of  the  approacn  of  unfavorable 
weather,  not  possible  by  standard  methods,  can 
be  achieved  using  radar  methods. 

It  cannot  be  overemphasized  that  all  available 
scopes  should  be  used  in  studying  weather 
phenomena.  Refer  to  chapter  18  of  this  manual 
for  a  description  of  the  various  meteorological 
radar  scopes.  This  section  is  written,  however,  as 
though  the  PPl  were  the  only  available  scope. 

The  Plan  Position  Indicator  (PPl)  scope 
should  be  used  to  determine  the  character  of  the 
echoes  which  are  classified  as  isolated,  widely 
scattered  area,  scattered  area  broken  area,  solid 
area,  line  of  widely  scattered  echoes,  line  of 
scattered  echoes,  broken  line  of  echoes,  solid 
line  of  echoes,  spiral  band  area,  stratified  ele- 
vated echo,  and  fine  line.  Table  5-1  in  Weather 


Radar  Manual,  NavAir  50-1 P-2,  is  used  to 
determine  the  characteristic  of  an  echo  area. 
Figure  164  illustrates  the  appearance  of  a  solid 
line  of  echoes  on  a  PPl  scope. 


AG.718 

Figure  16-4.-Line  Echo  Wave  Pattern  (LEWP)  in  a 
squall  line  as  it  appears  on  a  PPi  scope. 

Scattered  echoes  may  be  related  to  air  mass 
weather;  lines  of  echoes  may  be  related  to  squall 
lines  or  cold  fronts;  certain  characteristic  curves 
in  echo  lines  may  be  related  to  frontal  waves; 
and  widespread  relatively  homogeneous  echo 
patterns  may  be  related  to  warm  frontal  precipi- 
tation under  stable  conditions  {banded  struc- 
tures under  less  stable  conditions). 

Tliunderstorms 

Consider,  for  the  moment,  the  typic'i  physi- 
cal appearance  and  behavior  of  .i  thundersorm. 
Usually,  the  onset  of  rain  is  quite  sharp  and  :he 
precipitation  is  heavy.  As  quickly  as  a  thunde*-- 
storm  passes,  the  rain  sfops.  It  is  not  surprisinL, 
/lerefore,  that  the  echo  which  is  returned  from 
a  thunderstorm  is  almost  always  brigh'  vgood 
raindrop  targets)  and  reasonably  sharp  cdgeH 
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(ver\  Utile  liulil  uiiii.  which  givcN  marginal 
echoes)  The  brightnes^  and  the  sharpness  ofa 
tlunKlcrsUirni  cdiu  di^tingui>h  it  Ironi  alniohl 
any  other  type  of  echo 

The  development  of  the  ihundersiorm  ^an  be 
followed  by  the  Aerographer\  Mate  quite 
clearly  on  the  ITK  The  hon/,ontal  extent  can  be 
detenniiu'd  by  watching  how  nian>  degrees  of 
a/iniuth  are  covered  by  the  e^ho.  IF  there  i.s  onI\ 
one  thunderstorm  in  the  area,  .sector  scan  i.s 
c'esirable.  >ince  the  lime  taken  by  the  antenna  in 
rotating  jbO''  need  ni>i  be  lost. 

The  location  ol  the  active  cells  within  the 
ihuiiderstonn  can  be  found  by  using  the  gain 
control.  The  higher  the  gain  setting,  the  higher  i.s 
the  power  of  the  set.  The  highest  setting  shows 
up  everything  that  the  radar  is  capable  of  seeing. 
As  the  gain  is  reduced,  die  less  intense  parts  of 
the  echo  drop  out.  Since  the  cells  are  the  most 
active  part  of  the  ihundersiorni,  they  are  the  last 
to  disappear  as  the  gain  is  reduced. 


Rain  or  Snow 

Since  Water  droplets  si-iilcf  about  five  times 
as  imicb  nergv  as  corresponding  snow  crystals, 
the  reiun.  from  snow  tends  to  be  weaker,  and 
l!ie  differences  of  intensity  within  a  snowstorm 
arc  gejnerally  much  less  than  in  a  rainstorm.  Both 
tOKtu^e  and  b-:havior  help  in  distinguishing  rain 
eclioe  from  those  of  snow.  A  typical  PIM 
p^e^en  ation  of  snow  is  a  uniform  iiazy  or  coarse 
echo  with  very  diffused  edges.  TJie  texture  of 
snow  echoes  is  otten  described  as  .soft  in 
contrast  to  the  sharp  or  hard  echoes  produced 
by  rain. 

Another  s.Iul  to  what  kind  of  echo  is 
involved  nui>  bu  found  by  varying  the  gam 
setting,  There  .seein^  to  be  much  more  variation 
in  tlic  intcusu^  of  rain  than  of  snow.  A  r:in 
cv.ho.  as  the  ^am  reduced.  Joes  not  disappear 
as  a  unit.  Certain  poition.s  fade  out  much  more 
quickly  than  others.  With  snow,  there  is  much 
greater  likelihood  that  the  entire  echo  will 
disappear  at  once.  This  characteristic  may  be 
u.sed  to  good  advantage  in  identifying  the  nature 
of  the  ccho-produving  .substance. 


Cold  Frontiiimd  Squall  Lines 

In  considering  the  appearance  of  cold  fronts 
and  squall  lines  on  a  PPI-seopc.  start  with  a 
concept  of  how  tlie.se  phenomena  appear  in 
nature.  A  cold  front  with  nothing  in  it  contains 
no  precipitation  particles  and  does  not  show  up 
on  radar.  A  welkielliied  active  cold  front  and 
particularly  a  squall  line  contain  conveetive 
clouds  and  are  marked  by  a  band  of  active 
precipitation.  On  the  PPI.  all  areas  of  precipita- 
tion will  show  up.  The  typical,  unmistakable 
appearance  of  a  front  or  squall  line  is  that  of  a 
narrow  band  of  discrete  echoes  oriented  in  a 
line,  moving  across  the  scope  as  a  unit.  (See 
figure  16-4.) 

Experience  seems  to  indicate  that  this  band  of 
echoes  is  elosely  assoeiated  with  the  frontal 
position  as  drawn  on  a  weadier  map.  It  also 
indicates,  however,  that  the  frontal  position  and 
the  cloud  position  do  not  necessarily  coincide. 
The  front  on  the  map.  drawn  by  skilled  analysts, 
may  be  in  advance  of  or  behind  the  cloud  band. 
Sometimes,  the  two  lines  coincide.  During  the 
passage  of  a  front  across  the  radar  station,  when 
tracking  Is  effcetcd  irom  one  .side  of  the  scope 
to  the  other,  it  is  apparent  that  even  for  the 
single  front,  the  position  of  the  clouds  relative 
•0  the  front  varies  with  time. 

Warm  Fronts 

The  classic  picture  of  a  warm  frontal  region  is 
that  of  a  wide  cloud  shield  containing  layered, 
precipitating  clouds  with  perhaps  a  few  thunder- 
storms penetrating  the  layers.  On  the  PPI.  the 
warm  frontal  picture  is  substantially  the  same.  A 
large  part  of  the  .scope  may  be  covered  by  soft 
echoes  (indicating  continuous  rather  than 
showery  precipitation).  Usually,  at  full  gain 
setting,  thunderstornis  even  if  present  do  not 
show  up.  They  i?-e  hidden  in  the  continuum  of 
the  warm-front  eehoes.  With  reduced  gain 
setting,  the  overall  echo  tends  to  disappear  and 
only  the  thunderstorm  cells  remain. 

Hurricanes  and  Typhoons 

Each  lime  another  tropical  storm  is  tracked 
by  radar,  a  new  characteristic  of  such  storms  is 
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observed.  Any  attempt  to  give  a  valid  descrip- 
tion of  the  appearance  of"  a  hurricane  or 
typhoon  on  radar  would  undoubtedly  bo  in 
error.  On  ra(' ir.  as  in  every  other  way.  each 
tropical  siorm  seems  to  be  an  individu*sl.  None- 
theless, a  generalized  descnption  can  be  given 
with  the  understanding  that  any  specific  storm 
may  be  an  oddity. 

Assume  that  a  hurricane  is  approaching  ihc 
radar  set,  passes  close  to  the  station,  and  then 
moves  off.  Until  the  rain  shield  associated  with 
the  storm  is  within  approximately  250  miles  of 
the  radar,  regardless  of  the  power  of  the  set.  the 
PPI  will  not  show  any  evidence  of  the  storm. 
This  is  the  result  of  the  fact  that  the  earth's 
surface  is  curved  so  that  even  when  a  radar  beam 
leaves  the  set  in  a  hori.:onlal  path,  it  exceeds  the 
height  of  the  hurricane  clouds  beyond  about 
250  miles.  As  the  storm  continues  to  approach, 
echoes  begin  to  appear  on  the  scope.  These  look 
almost  identical  with  those  produced  by  a  warm 
front  and,  if  knowledge  of  the  presence  of  a 
hurricane  were  not  available  from  other  sources, 
they  would  be  mistaken  for  warm  frontal 
clouds.  As  the  hurricane  continues  to  come 
closer,  the  echoes  begin  to  develop  in  distinctive 
patterns.  They  acquire  structure  and  appear  as  a 
series  of  concenlric  bands.  (See  figure  16-5). 

The  position  of  the  eye  of  the  storm  may  be 
approximated  by  finding  the  center  of  curvature 
of  the  bands.  Actually,  the  bands  seems  to  spiral 
about  the  eye:  ani  as  more  and  ir.cr?  of  the 
hurricaiic  is  seen  on  the  scope,  the  s^^iral  pattern 
becomes  more  evident.  Tlie  eye  of  the  storm  is  a 
blank  area  on  the  scope.  No  precipitation  occurs 
within  the  eye.  The  relationship  between  the 
close-in  .spiral  hands  and  the  eye  is  not  clear.  It 
appears  that  the  eye  .shifts,  forms  and  re-forms, 
or  develons  asymmetrically  with  respect  to  the 
nearest  precipitation  bands.  As  the  storm  re- 
cedes, the  trailing  half  of  a  tropical  slorm 
picture  is  far  less  clear,  since  the  trailing  half  of  a 
tropica!  storm  usually  contains  less  precipitation 
than  the  leading  half. 

Lightning 

It  iia.s  been  ob.scrvcd  that  lightning  stroKCs 
show  up  on  the  PPI.  Usually,  the  strokes  cannot 
be  identified  by  the  naked  J>e.  Their  persistence 


AG.719 

Figure  16-5.— Hurricane  showing  echo-free  eye 
on  PPI  scope. 

is  too  short  for  spotting  and  identification. 
Motion  pictures  of  the  PPI  with  active  thunder- 
storms do  show  the  lightning  strokes.  When 
.seen,  there  can  be  no  'listake  in  their  identifica- 
tion. On  the  scope,  they  resemble  exactly  their 
appearance  b\  the  sky. 

Tornadoes 

One  of  the  most  controvet..i»il  Lssues  in  rada* 
meteorology  is  the  identification  of  tornadoes 
on  a  PPI.  in  general,  tne  contention  is  that  the 
tight  ciri^ulation  associated  with  a  tornado  shows 
up  as  a  hook,  V,  or  eye  on  an  intense  thunder- 
stonu  echo.  There  .ire  many  instances  in  which  a 
PPI  picture  was  taken  of  such  a  manifestation 
while  a  tornado  was  in  progress.  The  location  of 
the  hook  or  V  coincided  exactly  with  the  known 
location  of  the  tornado.  Unfortunately,  hooks, 
V's  and  eyes  are  also  seen  on  intense  tluinder- 
stornis  when  tornadoes  are  not  present.  In  a  still 
picture,  those  associated  witi:  !^ie  destructive 
storms  arc  no  different  Trom  those  which  arc 
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not.  Onl\  when  tliw  niaiiuci  of  hook  develop- 
ment is  \vatvhi\l  ovei  a  pciioJ  of  lltnc  can  an 
experienced  ob.scivci  disiinguiNh  between  tor- 
nado hooks  and  meaningless  hooks  and  even 
then,  there  may  be  more  or  less  doubt. 

PLOTTING  MOVEMENT 
OF  WEATHER  ECHOES 

Weather  echoes  may  be  plotted  ni  several 
ways.  A  suggested  method  is  to  use  an  acetate 
oveiLiy.  To  do  this,  first,  cut  to  size  an  acetate 
^heet  that  will  he  llai  over  the  PPI-scope.  Next, 
mark  the  four  directional  reference  points  tN.  L. 
S.  and  W).  and  then  a  center  reference  point  to 
lay  over  the  center  of  tiK  ^eope. 

When  severe  wcalhei  is  approaching  the  sta- 
tion, lay  the  acetate  overlav  over  the  scope  tiiid 
at  designated  tune  mtervals.  depending  on  the 
speed  of  movenicirt  of  the  weather,  place  refer- 
ence marks  along  the  weather  cchoe.s.  The 
movements  can  llicn  be  extrapolated  to  deter- 
mine which  stoini^.  if  aiiv.  are  hkelv  to  affect 
the  terminal.  Obviousl>.  attention  should  be 
fociised  on  potentialK  critical  upstream  areas. 
When  extrapolalnig  the  movement  over  the 
terminal,  allowance  should  be  made  for  modifi- 
cation bv  sigUit  iwant  local  terrain  eilects  and  for 
tendencicN  of  the  u.ea  to  chaiige  in  size  and 
iineiisitv  a.N  indicated  b\  successive  radar  obser- 
vations. 

IDENTIFiCATION  OF  WEATHER 
ECHOES  USING  AN  RHI-SCOPE 

The  seope  which  shows  range  height  nuhca- 
tion  can  provide  veiy  valuable  meteorological 
informalion  which  is  not  available  in  any  other 
wa>.  The  presentation  of  the  Rill  is  a  vertical 
cross  section  of  ilic  atni^^spher^.  When  the  Rill 
is  Used,  the  anteniKi  is  fi;.ed  with  respect  to 
a/.imuth  and  pcrnnllcd  to  scan  in  elevation  onl>. 

Bright  Band 

Observers  using  an  Rlif-scope  frequenti*' 
speak  of  the  br»ghf  bind  which  appears  on  their 
Scopes  and  rehitc  the  phenomenon  to  the  0"" 
isotherm.  The  proper  procedure  for  observing 
this  phenomenon  is  lor  the  radar  operator  to 


slowlv  leduce  the  receiver  gain  while  the  an- 
tenna is  scanning  in  elevation.  Also,  short  range 
will  give  the  best  »esults  in  this  type  of  observa- 
tion. 

A  bright  band  is  the  result  of  the  sinniltane- 
ous  existence  of  snow,  melting  snow,  and  rain  in 
a  vertical  cross  section  of  the  atmosphere.  At 
upper  levels,  the  precipitating  particles  arc  snow 
crystals.  Snow  is  a  relatively  poor  rellector  of  a 
radar  beam.  In  the  higher  levels  of  the  atmos- 
phere, therefore,  where  the  snow  predominates, 
the  echo  rUurn  is  poor.  Rain  droplets,  on  the 
other  hand,  make  relatively  good  rcncctors  and 
V':  signal  return  is  high.  A  wcll-dcnned  and  thin 
horizontal  bright  band  is  indicative  of  very 
stable  air.  Under  extremely  unstable  conditions, 
however,  the  layer  represented  by  the  bright 
band  becomes  ;^  deep  and  mixed  up  that  there 
is  little  or  no  effect  noticeable  on  the  radar- 
scope. 

The  .Acro^raphcr's  Mate  .should  note  from  the  dis- 
cus.sionabo\c  that  the  brltjht  band  is  not  the  position 
of  the  0**  isothcTm.  When  the  relative  rate  of  fall  of 
sao^v  and  rain  i.^  superimposed  on  the  differential 
rc fleer i\»tv  of  the  rwo,  the  bright  band  may  be  c-x- 
pLiined.  Snow  rails  at  a  slow  rate  fabou^  0.5  mps); 
r.iin  falls  ai  a  fast  rate  (about  4  to  8  mps).  During 
the  time  in  ^vhiehasnow  particle  melts  to  form  a  rain 
droplet,  it  has  the  approximate  rate  of  fall  of  snow, 
bat  the  reflecti\ity  of  rain.  Due  to  the  slow  rate  of 
fall,  there  is  hign  concentration  of  particles  of  poor 
reflectivity  in  the  snow  region.  This  results  in  a 
relatively  small  signal  return. 

While  the  particles  fall  through  the  0**  iso- 
therm and  melting  starts,  there  is  a  high  concen- 
tration of  particles  for  a  limited  zone  (as  in  the 
snow)  with  good  rellcctivity  (as  in  rain).  This 
means  a  high  signal  return. 

Below  the  melting  layer,  there  is  a  lower 
concentration  of  particles  due  to  the  high  rate  of 
fall  of  the  rain.  Even  though  the  rain  has  high 
rellcetivity.  the  lower  concentration  of  rain 
results  in  a  reduced  signal  return.  The  region  of 
highest  signal  return  corresponds  to  the  melting 
layer.  It  is  the  bright  band. 

The  melting  process  which  produces  the 
bright  band  only  starts  at  the  0°  isotherm  and 
the  bright  band  maximum  must  be  below  theO** 
level.  The  usual  position  of  tlie  bright  band  is 
approximately  1.500  feet  below. 


ERLC 


564 

f  570 


Chapter  16  SPECIAL  OBSIUWATIONS  AND  FORl^CASI'S 


Atmospheric  Stability 

Careful  exaniinatton  of  the  bnglil  baiui  may 
yield  sonic  inforniation  about  the  .stabihtv  of 
that  portion  of  the  atmosphere  around  the 
melting  level.  With  \ery  stable  air.  the  band  is 
clearly  defined.  It  is  narrow  vertKally  but  of 
wide  horizontal  extent.  As  the  atmosphere 
becomes  loss  stable,  the  distribution  of  precipita- 
tion becomes  cellular  and  the  band  broadens 
vertically.  With  sn'ong  convection  extending 
through  the  0**  leveL  the  melting  and  freezing 
processes  becojne  mixed  through  so  deep  a  layer 
that  nothing  resembling  a  bright  band  can  be 
detected. 


Cloud  Types 

In  general,  it  is  rather  simple  to  identify  the 
various  cloud  types  which  produce  eclioes  on 
the  RHI-scope.  Instead  of  discussing  these  types 
with  descriptive  terms,  it  is  probably  desirable  to 
reproduce  RHI  picture:,  of  some  of  the  clouds 
which  may  be  seen  on  Klil.  A  number  of  these 
echo  patterns  are  illustrated  in  figure  16-6. 

In  figure  16-5  (A),  for  example,  the  broken 
pattern  .shows  convective  type  showers.  The  fact 
that  the  echo  does  not  extend  above  '  1 .000  feet 
indicates  that  the  showers  are  weak. 

Figure  16-6  (B)  shows  .shower  cells  in  the 
lower  levels.  Tfie.se  showers  seem  to  originate  in 
a  great  cloud  layer  extending  from  about  12.000 
to  26.000  feet. 

Figure  16-6  (C)  shows  a  definite  series  of 
stratified  layers  between  8.000  and  18.000  feet. 
The  relative  intensity  of  the  layers  could  be 
determined  by  decreasing  the  gain  progressively. 
Only  the  main  layer  would  remain  at  the  lower 
gain  settings. 

A  thick  layer  directly  above  the  station  is 
shov/n  by  the  RHI  in  figure  16-6  (D).  A  short 
distance  away,  the  precipitation  reaches  the 
ground.  The  advance  of  the  precipitation  with 
time  can  be  followed  by  watching  the  blank  area 
near  the  station.  The  streaky  nature  of  the  echo 
i .  the  upper  levels  indicates  shower  activity. 

In  figure  16-0  (E).  three  layers  are  pictured 
with  precipitation  falling  through  them.  Again,  a 
cellular  structure  .seeins  indicated 


Thunderstorms  and  Turbulence 

Smce  the  RIM  gives  considerable  information 
concerning  tlumderstorms,  and  since  a  great  deal 
of  knowLJgc  IS  available  relating  thunderstorms 
and  turbulence,  it  is  apparent  that  the  RHI 
portraying  a  thunderstorm  gives  a  fairly  com- 
plete picture  of  associated  turbulence  (and. 
incidentally,  icing  and  damaging  hail). 

In  an  actively  developing  tliunderstornK  tur- 
bulence is  most  severe.  During  the  time  that  the 
top  of  the  radar  echo  rises  rapidly,  the  thunder- 
.storni  IS  !3iost  active.  The  higher  the  top  of  the 
storm,  the  more  violent  is  the  storm  and  the 
greater  is  the  attendant  turbulence. 

A  decaying  storm  can  be  seen  as  decreasing  in 
altitude  with  time.  This  subsidence  of  the  top  of 
the  storm  shows  that  convective  activity  is 
decreasing  and  turbulence  is  decreasing  as  well. 
The  bright  band  develops  as  turbulence  de- 
creases. 

Upper-Level  Winds 

A  careful  study  of  the  RHI  will  frequently 
provide  valuable  information  concerning  winds 
aloft.  When  precipitation  shows  any  shower 
chan.cteristics,  the  cells  can  be  observed  in  the 
RIM  Scope  as  separated  columns  of  falling  rain 
or  snow.  These  columns  often  slant  out  of  the 
vertical  because  of  wind  shear. 

lixamine  figure  16-7  closely.  This  is  a  typical 
RIM  picture  from  which  .some  hidication  of 
wind  structure  can  be  obtained.  Note  that  the 
picture  .shows  a  curving  streak  which  begins  at 
high  altitude  and  extends  downward. 

Con.sider  a  cloud  moving  with  the  wind  at 
cloud  level.  (See  fig.  16-8.)  As  the  cloud  moves 
along,  the  rain  or  snow  particles  drop  from  it 
and  fall  progressively  to  lower  levels.  Track  these 
individual  particles.  Label  each  particle  with  a 
letter  starting  v^itli  "a"  and  each  time  interval 
with  an  Arabic  numeral  starting  with  time  *M 
Tnus.  m  the  notation  c.4,  the  dot  between  tl^e 
"c*'  and  the  '*4"  represents  the  particle,  whuc 
the  letter  "c"  shows  that  it  is  the  third  particle 
to  be  dropped.  The  "4''  indicates  that  four  units 
of  time  havr  elap.sed  since  the  start  of  the 
observation.  Label  with  Roman  numeralr.  the 
layers  of  the  atmosphere  through  which  tlic 
particles  drop. 
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Figure  16-7.-RHI  picture  with  some  indication 
of  wind  structure. 

Figure  16-8  shows  the  generation  of  precipita- 
tion patterns  in  a  wind  field.  The  wind  field 
assumed  is  indicated  at  the  right  side  of  the 
figure  by  arrows.  The  wind  direction  is  in  the 
plane  of  the  paper  (page)  going  from  right  to 
left.  The  length  of  the  arrow  indicates  the  wind 
speed.  The  double  arrow  at  the  top  shows  the 
speed  of  the  generating  cloud. 


The  dashed  lines  show  the  trajectories  of 
some  of  the  individual  particles.  Consider  parti- 
cle It  falls  from  the  cloud  at  time  *M  As  it 
falls  through  atmospheric  level  VI IK  it  is  under 
the  influence  of  the  mean  wind  in  that  la^er.  It 
IS  displaced  horizontally  to  the  left  r>o  that  it 
reaches  the  bottom  of  layer  VHI  at  time  2,'^ 
The  fall  through  layer  VII  results  in  continued 
displacement  toward  the  left  (although  a  smaller 
one)  since  the  wind  in  layer  VII  is  less  than  that 
in  VIII.  It  is  now  displaced  to  the  position  it 
occupies  at  time  ''3."  It  will  continue  to  be 
displaced  dependent  on  the  wind  speeds  the 
particle  encounters  on  its  descent. 

Particle  "b"  is  generated  later  than  particle 
"a."  Let  us  say  that  it  is  released  from  the  cloud 
at  time  "2."  Thus>  it  starts  its  fall  through  layer 
VIII  just  as  particle  **a"  leaves  that  layer.  The 
trajectory  of  particle  "b"  is  identical  with  that 
of  particle  "a''  except  that  the  particle  is 
delayed.  Particle  "c"  is  further  delayed,  as  is 
each  new  particle  falling  from  this  cell. 

RADAR  WAVE  PROPAGATION 
AND  REFRACTIVE  INDEX 

Propagation  means  the  travel  of  electro- 
magnetic waves,  as  sent  from  the  radar  antenna, 
through  a  medium.  Dissemination  of  radar  waves 
is  another  way  of  expressing  it. 

Radar  waves,  like  light  waves,  must  pass 
through  the  :»t:no.>phere  to  travel  from  one  place 
to  another.  The  characteristics  of  the  medium 
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Figure  16-8.— Generation  of  precipitation  patterns  in  a  w  .lU  field. 
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through  which  the  waves  pass  affect  the  niannei' 
of  their  transmission.  Thus,  although  it  is  some- 
times assumed  that  both  light  and  radar  waves 
follow  perfectly  straight  paths,  the  properties  of 
the  atmosphere  are  such  that  the  waves  are  made 
to  follow  curved  paths. 

REFRACTION 

The  bending  of  radio  or  radar  waves  due  to  a 
change  in  the  density  of  the  medium  through 
which  they  are  passing  is  termed  refraction.  The 
measure  of  the  bending  that  occurs  is  indicated 
by  the  index  of  refraction  from  one  substance  to 
another.  The  density  of  the  atmosphere  nor- 
mally changes  at  a  gradual  and  continuous  rate. 
Therefore,  under  these  conditions  thv  index  of 
refraction  would  change  gradually  with  in- 
creased height.  However,  under  certain  condi- 
tions, the  temperature  may  first  increase  with 
height  then  begin  to  decrease  (a  temperature 
inversion).  More  important,  the  moisture  con- 
tent may  decrease  more  rapidly  with  height  just 
above  the  sea.  This  effect  is  called  a  moisture 
lapse.  Either  a  temperature  inversion  or  a  mois- 
ture lapse,  alone  or  in  combination,  may 
produce  a  great  change  in  the  index  of  refraction 
of  the  lowest  few  hundred  feet  of  the  atmos- 
phere, resulting  in  greater  bending  of  the  radar 
waves.  This  may  greatly  extend  or  reduce  the 
radar  horizon,  depending  on  the  direction  in 
which  the  waves  are  bent.  The  radio  energy  may 
be  so  highly  concentrated  in  a  limited  region  of 
space  that  it  appears  to  be  following  a  duct.  (See 
fig.  16-9.)  The  height  of  the  radar  antenna  with 
respect  to  the  duct  formed  by  this  occurrence  is 
of  much  importance  in  producing  an  effect 
known  as  trapping. 

In  order  to  locate  thc.,e  trapping  layers,  the 
meteorologist  uses  a  refraction  index  which  is 
called  the  N  curve.  The  refraction  index  N  is 
defined  as  the  ratio  of  the  wavelength  of  an 
electromagnetic  wave  in  a  vacuum  to  that  in  the 
actual  atmosphere.  The  atmospheric  pressure, 
temperature,  and  moisture  content  are  the  pa- 
rameters used  to  find  the  value  of  N.  The  bending 
of  radio-radar  waves  is  caused  by  gradients  in  the 
refractive  index  and  not  by  the  value  of  N  itself. 
In  other  words,  when  large  changes  of  pressure, 
temperature,  and  moisture  content  occur  with 
altitude,  refractivity  must  also,occur. 


AG.723 

Figure  16-9.-Normal  propagation  and  surface  duct. 

Analy.sis  of  many  meteorological  .soundings 
and  their  associated  refraction  curves  indicates 
the  po.ssibiIity  of  cla.ssifying  these  curves  into 
several  types.  When  objects  are  observed  at 
many  times  greater  than  tne  normal  visual  range 
due  to  the  unusual  distribution  of  pressure, 
temperature,  and  humidity,  we  have  what  is 
known  as  superrefractive  conditions.  When  radar 
waves  are  reduced,  we  have  subrefractive  condi- 
tions (quite  rare). 

The  normal  N  gradient  for  a  standard  atmos- 
phere at  60  percent  relative  humidity  is  a 
decrease  of  12  units  per  1,000  feet.  Negative 
gradients  larger  than  this  are  defined  as  super- 
refractive.  However,  since  radiosonde  data  is  not 
exact,  gradients  of  N  cannot  be  established 
precisely,  and  it  is  more  logical  to  think  in  terms 
of  zones.  Such  zones  may  be  defined  as  follows: 

1.  Normal  zone  gradients  between  0  and 
-24  per  1,000  feet. 

2.  Subrefractive  N  increases  with  height. 

3.  Superrefractive  between  -24  and  -48  per 
KOOO  feet. 

4.  Trapping  gradients  larger  than  -48  per 
1,000  feet. 
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The  value  of  N  at  sea  level  ranges  fiuin  250  to 
450  N  units. 

CONDITIONS  CAUSING  DUCTS 

What  types  ol"  atmospheric  conditions  give 
rise  to  the  trapping  refraction  curves  and  resuh 
in  extraordinary  ranges  on  VHF  and  UIIP  radio 
equipment?  Important  meteorological  factors 
that  cause  changes  in  the  distribution  of  tem- 
perature and  moisture  throughout  the  atmos- 
phere are  the  How  of  warm  dr>  air  from  a  hind 
mass  out  over  cooler  sea;  nocturnal  cooling  (over 
land);  flow  of  cool  air  over  warmer  sea;  and 
low-level  subsidence. 

Perhaps  the  best  method  by  which  to  consider 
the  question  is  to  subdivide  the  significant 
meteorological  conditions  into  seven  classifi- 
cations, discussing  their  relative  effects  on  radio 
propagation: 

1 .  Surface  (radiation)  inversions. 

2.  Stratum  of  cool  air  blowing  over  warmer 
sea. 

3.  Inversions  produced  by  warm  continental 
ajr  blowing  over  colder  sea  water, 

4.  Subsidence  inversions  in  warm  high- 
pressure  areas. 

5.  Coastal  stratus  type  inversions. 

6.  Frontal  inversions. 

7.  Postfrontal  subsidence  inversions  in  cold 
high-pressure  areas. 

Surface  (Radiation)  Inversions 

The  surface  inversions  result  from  nocturnal 
cooling,  that  is,  loss  of  heat  from  the  ground  by 
radiation.  A  temperature  inversion  is  established, 
and  a  low-level  duct  results.  This  nocturnal 
cooling  is  greatest  when  there  is  no  overcast  and. 
as  a  result,  trapping  rarely  occurs  over  land  when 
the  sky  is  cloudy.  Radiation  ducts  will  be  found 
chielly  over  large  flat  land  areas  in  the  middle 
and  higher  latitudes.  They  will  be  stronger  in  the 
higher  latitudes  and  on  the  leeward  shores  of 
large  islands  and  land  masses.  One  should  expect 
them  chiefly  at  night  and  in  the  early  morning, 
when  there  are  clear  skies,  little  or  no  wind,  and 
low  moisture  content  in  the  air.  When  the  wind 
is  strong,  the  skies  are  clear,  and  there  is  little 
moisture  in   the  atmosphere,  the  duct  will 


generally  disappear  early  in  the  morning.  Radia- 
tion inversions  rarely  occnr  more  than  1  or  2 
miles  offshore;  and  when  one  exists  aw:;y  from 
land,  the  duct  will  be  weakened  and  the  ba,se 
will  gradually  rise  above  the  surface  of  the 
water. 

Stratum  of  Cool  Air 
Blowing  Over  Warmer  Sea 

Cool  air  blowing  over  a  warmer  sea  may 
produce  surface  ducts.  With  this  particular  phe- 
nomenon there  is  no  associated  temperature 
inversion,  and  the  entire  effect  is  caused  appar- 
ently by  the  evaporation  of  water  into  the 
lower  levels  of  the  atmosphere.  Ducts  usually 
accompany  winds  that  have  blown  for  long 
distances  over  the  open  seas,  their  height  and 
si/.c  increasing  with  the  wind  speed.  At  higher 
wind  speeds  typical  of  the  Pacific  trade  belt  (10 
to  20  knots),  ducts  from  50  to  60  feet  high 
occur  quite  generally.  These  ducts  arc  particu- 
larly important  because  they  extend  for  such 
long  distances  and  because  they  seem  to  occur 
so  frequently. 

Inversions  Produced  by  Warm 
Continental  Air  Blowing 
Over  Cooler  Water 

When  warm  air  blows  over  cooler  water,  a 
duct  is  formed  by  the  temperature  inversion 
which  is  caused  by  the  warmer  air  aloft.  The 
base  of  this  type  inversion  is  at  sea  level  with  the 
ducting  layer  extending  to  several  hundred  feet. 
The  height  of  the  trapping  layer  is  usually  from 
200  to  600  feet,  and  it  tends  to  remain  as  far  as 
100  to  200  miles  out  to  sea.  Near  the  coast,  the 
trapping  is  the  strongest  just  after  noon  and 
Weakest  just  after  dawn.  Fog  is  generally  not 
associated  wjui  this  type  inversion,  but  wiien 
surface  fog  appears  5  to  10  miles  out  to  sea,  it 
indicates  the  presence  of  a  duct. 

Subsidence  Inversion  in  a 
Warm  High-Pressured  Area 

Subsidence  mversions  are  predominant  in 
high-pressure  systems.  Subsidence  results  in  a 
temperature  inversion  which  .spreads  out  later- 
ally and  creates  conaitions  favorable  for  a  duct. 
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Suvh  a  duct  usually  relatively  high  and  may 
bccomo  intcn.s*.  lo  a  height  of  u  few  thouKjnd 
feet,  This  type  of  duct  will  not  materially  affect 
surface  propagation.  The  height  of  such  inver- 
sion may  be  ej>limated  from  observations  of 
clouds  smce  siratitled  clouds  or  <hin  altocumu- 
Uks  clouds  Usually  form  at  the  base  of  the 
inversion  dunng  the  night  or  early  morning.  This 
type  of  duct  is  often  found  in  the  Tropics  and 
off  the  western  coasts  of  continents  in  the  trade 
wind  areas.  It  is  more  prevalent  in  summer  than 
in-  winter  and  on  the  eastern  side  of  the 
subtropical  highs. 

ConsiaK  Strains  Type  Inversions 

This  situation  occurs  when  warm  continental 
air  is  underrnn  by  cool  sea  ain  Strong  surface 
ducts  are  the  result.  These  ducts  may  be 
expected  most  often  on  the  western  shores  of 
continents  in  the  lower  and  midlatitudcs  and 
where  the  higher  atmosphere  is  blowing  off- 
shore, with  the  lower  cooler  portions  stationary 
or  pos^ibl>  even  blowing  onshore.  They  vary 
with  the  season,  being  present  almost  entirely  in 
late  spring,  summer,  and  early  fall.  They' are 
most  pionounced  during  night  and  early  morn- 
ing. 

Frontal  Inversions 

Tlu  temperature  increase  with  altitude  in  the 
iVontal  inversion  is  a  gradual  increase  and  not 
abrupt,  but  the  moisture  content  increases 
sharply  thioughuut  the  tnnisiMon  zone.  The 
increase  of  moistuie  within  the  inversion  iayer 
leads  tu  sul>normj^  rather  than  trapping  condi- 
tions.  The  region  in  which  they  are  prevalent 
varies  with  I  he  season. 

Postfrontal  Subsidence  Inversions 

This  type  of  inversion  is  usually  not  strong 
enough  to  produce  more  than  a  slightly  less  than 
normal  d.*crease  in  N  with  height.  The  base  of 
the  inversion  is  generally  4,000  to  8,000  feet. 
This  type  inversion  is  most  frequently  observed 
in  middle  and  high  latitudes  and  never  in  the 
doldrums.  They  are  stronger  in  winter  than  in 
summer,  and  can  increase  in  intensity  and 
decrease  in  height  at  night.  Their  effect  on 


propagation  is  siniilai  to  that  produced  by 
subsidence  inversions  in  warm  high-pressui':^ 
systems. 

WAYS  OF  DETECTING  A  DUCT 

Meteorologists  are  at  present  studying  care- 
fully the  various  ways  in  which  weather  affects 
high  frequency  radio  propagation.  It  is  hoped 
that  some  day  they  will  have  developed  a 
program  of  forecasting  duct  conditions  by 
means  of  which  complete  and  accurate  radio 
coverage  may  be  predicted.  Since  this  goal  has 
not  yet  been  attained,  one  must  use  the  informa- 
tion at  his  disposal.  Radio  propagation  for 
certain  frequencies  is  determined  by  atmos- 
pheric conditions  and  closely  associated  with  the 
weather/  Consider  several  rules  by  which  the 
presence  of  a  duct  may  be  detected.  Trapping 
should  be  expected  when  the  following  condi- 
tions occur: 

1 .  A  wind  is  blowing  from  land. 

2.  There  is  a  stratum  of  quiet  air. 

3.  There  are  clear  skies,  little  wind,  ajid  high 
barometric  conditions. 

In  open  ocean  when  a  cool  breeze  is 
blowing  over  warm  ocean,  especially  in  the 
tropical  areas  and  in  the  trade  wind  belt. 

5,  Smoke,  haze,  or  dusf  fails  to  rise  but 
spreads  out  horizontally, 

6,  There  are  skips  in  the  ground  clutter  on 
the  scope;  for  example,  when  nearby  islands  arc 
not  received  on  the  »c\>pe, 

7,  1  here  is  strong  fading  of  the  pip.  A  rapidly 
fading  pip  may  indicate  a  duct  with  ranges  on  a 
higher  swc^p.  This  rule,  however,  is  not  *.miver- 
sally  true.  The  duct  may  be  well  formed  and 
steady;  or  when  there  are  standard  conditions, 
.nanges  in  the  aspect  of  the  target  may  cause 
rapid  scintillations  of  the  signal. 

8,  The  moisture  content  of  the  atmosphere  at 
bridge  level  is  considerably  less  than  just  above 
the  sea  surface, 

9,  There  is  an  offshore  wind  and  the  tempera- 
lure  at  bridge  level  is  to  2^F  greater  than 
that  of  the  sea. 

10.  In  open  ocean,  the  temperature  at  bridge 
level  is  definitely  less  than  that  of  the  sea, 

1 1,  In  trade  wind  areas,  generally  for  frequen- 
cies of  3,000  mc  and  higher,  with  low-level 
antennas. 
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i2  The  polential  temperature  at  a  level  of 
about  2.000  feel  exceeds  the  surface  value  by 
lO^r  or  more  while  the  mixing  ratio  for  this 
level  is  at  least  5  gm/kg  below  the  surface  value. 

NOTE:  Keep  in  mind  that  potential  tempera- 
ture is  determined  by  moving  the  parcel  dry 
adiabatically  from  the  2.000  ft  level  (in  this 
case)  to  the  surface  level. 

COMPUTATION  OF 
REFRACTIVE  INDICES 

Direct  measurements  of  the  propagation  of 
electromagnetic  energy  in  a  particular  medium 
can  be  made  and.  when  compared  with  the 
speed  of  light,  give  a  direct  measure  of  the 
refractive  index  or  refractivity.  Because  of  the 
complexity  of  the  equipment  needed,  this  ap- 
proav^h  is  impractical  for  operational  use.  There- 
fore, the  refractive  index  must  be  computed 
from  available  radio.Nonde  data.  Numerous  meth- 
ods have  been  devised  for  computing  N.  These 
take  the  form  of  tables,  slide  rules,  computers, 
and  nomograms. 

The  publication  entitled  'The  Analysis  and 
Forecasting  of  Atmospheric  Radar  Refrac- 
tivity.*' NA  50-1 P-1.  is  issued  as  an  aid  to  Naval 
Weather  Service  Command  Units  in  sa'isfying  an 
increasing  requirement  of  the  operating  forces 
for  radar  refraction  data.  !t  deals  with  the 
Arowagram. 

NAVAIR  50-1 P-7,  Computation  of  Atmos- 
pheric Refractivity  of  the  USAF  Skew  T.  Log  P 
diagram  deals  with  the  Skew  T  as  indicated  by 
its  title. 

One  version  of  the  Skew  T  diagram  (DOD 
WPC  9-16-2)  has  been  printed  with  a  giid  for 
determining  refractivity  already  printed  on  it. 
Refractivity  can  be  read  directly  from  the  traces 
of  temperature  and  dcwpoint  entered  on  the 
diagram,  without  the  use  of  an  external  nomo- 
gram. The  accuracy  and  range  of  computations 
should  cover  most  of  the  applications  of  weather 
unUs.  hislruclions  for  its  use  are  covered  in 
NAVAIR  50-IP-7. 

OCEAN  DUCTS  AND 
THEIR  DETERMINATION 

Evaporation  of  "oceanic''  ducts  are  not  par- 
ticularly effective  ui  extending  the  coverage  of 


most  shipboard  radai  because  they  are  usually 
shallow  (75  feet  is  about  average).  In  order  for 
such  a  duct  to  be  effective,  the  radar  must  be 
within  50  feet  of  the  sea  surface,  and  its 
wavelength  must  be  shorter  than  30  cm.  The 
normal  practice  of  installing  radars  on  the 
highest  point  on  the  ship  places  most  radars 
above  radar  ducts  which  may  be  present.  For 
low-sited  radars,  however,  the  duct  is  often 
useful  in  extending  the  normal  limit  of  coverage. 
In  actual  practice  one  can  determine  from 
simple  meteorological  data  whether  such  a  radar 
at  a  particular  wavelength  will  have  extended 
coverage. 

For  these  purposes  a  Ductogram  was  designed 
to  facilitate  the  prediction  of  extended  radar 
coverages  with  an  oceanic  duct.  For  input  data, 
the  Ductogram  utilizes  surface  observations  of 
air,  dewpoint,  and  sea  water  temperatures  taken 
on  board  ship.  The  quantity  of  N'  is  the 
approximate  difference  between  the  refractivity 
N,  at  the  elevation  of  the  shipboard  observation 
(bridge  height),  and  the  refractivity  at  the 
water  surface.  Complete  details  and  illustrations 
of  the  Ductogram  may  be  found  in  N  A  50-1 P-1. 

LOCAL  FORECASTS  USING 
MICROANALYSIS 

A  generalization  of  the  expected  weather 
conditions,  which  is  too  inconclusive  for  many 
military  operations,  is  the  usual  result  of  the 
large  scale  analysis  that  precedes  most  forecasts. 
Quite  often,  and  especially  during  wartime 
operations,  the  need  arises  for  a  forecast  of  the 
exact  conditions  at  a  particular  locality  during  a 
specific  time.  This  kind  of  forecast  requires 
microanalysis,  which  should  determine  whether 
a  particular  spot  will  have  cloud  coverage  at  a 
specific  time  of  the  day  or  night.  Local  and 
diurnal  effects  have  to  be  carefully  weighed. 

For  example,  operations  might  require  send- 
ing aircraft  to  their  maximum  range,  making  it 
imperative  that  they  encounter  no  delays  in 
landing  due  to  weather  conditions  at  arrival 
time.  In  this  instance  the  important  question  is 
not  what  type  of  weather  can  be  expected  on  a 
particular  day  but  what  type  of  weather  will  be 
expected  at  a  specific  time. 

To  achieve  maximum  accuracy  in  this  type  of 
forecast,  it  is  neces.sary  to  utilize  more  individual 
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sr.uioii  ilaij  [\\A\\  In  lourul  on  tUc  aik>|Mil  ^h.irl 
I'so  o\  Miuiil  sc.ilc  wcjlhcr  dislnlnUiDii  charts  is 
ono  nicrluHl  ih;ir  m.i\  usa!  IUto  ^.loso 
scnuiiii/aritMi  is  hkkIo  of  foporud  ii)uds  oi 
oilier  wcallior  pliciiDiii.iKi.  \iu»lhcr  usctul 
niorluul  is  ihc  plowing  ol  inriMinaluMi  Iriini  an 
iiuiividiKil  siarion  on  a  iKijiual  anj  viniununi^ 
basis,  \gain  In  lollowinu  Uk  duniics  as  ilicv 
occur  a  more  accurate  prcJi*.non  of  c\pcvlcj 
cluiniLCs  can  iv  iiiadc. 

Boih  of  ilicsc  nicihvHU  arc  cxiunicU  usclul  in 
rropical  areas  Vvliere  ihc  local  ami  liiurnal  efteels 
are  sii  grealK  pri)nounccd. 

PRLSSURL-nrrlGliT  FORLCASTS 

U  i  imponant  it)r  nian\  pracikal  purposes  lo 
be  able  lo  dcU-rinuie  the  altituilc  at  wlikli 
certain  strata  ol\.irnia\  c\!st  in  t!u  atmosphere, 
e.g..  inversions,  isothermal  l.i\er>.  moUi  la\crs. 
etc  The  calibration  ol  pressure  altimeters  also 
requires  the  Ci)mpuiation  o\'  pK>%ure  height 
ilata. 

Pressiire-height  or  pressure  altitude  reLrs  to 
the  height  ot  a  gi\en  pressure  surt;ve  under 
stand.ird  atmospheric  ^ondilionv  {  (unputalions 
used  in  determining  "standard  atmospheric  ^.on- 
ditions"  within  the  L  iiited  Slate  aie  based  on 
whal  is  comnioni>  referred  to  as  tlie  US. 
Standard  Atmosphere.  1  he  ligures  «•  hwU  repre- 
sent the  VS.  Staiulard  \tniospiierc  ai^  as 
lollows 

L  Mean  vca  level  pressure  -  1  .Ul.v25  mb 

2.  Mean  sc  level  temperature  =  I  5  ('« 

.>    I  apse  rate  ^  0  f)5  C  per  100  M  to  M).7(>w 

M  i.^5J3:  It  or  2j4  mb), 

4.  Lapse  rate  abi>\e  the  tropopaiise  =^  O.OiK) 

with  a  constant  temperature  ni    55  '('  (above 

3.^.;^^:  It  or  IM  mb). 

riie  actual  heights  for  selected  pres>ure  levels 
based  on  this  standard  »itmosphcre  will  varv 
from  that  in  a  standard  atmospheie  as  tiie 
environnienlal  condUion>  and  elements  involved 
are  changeii  Iroin  thi>^e  ol  the  standard  atmos- 
phere. 

A  pressure  allimetci  i>  calibrated  to  read  the 
heights  of  points  m  tlu  T  S.  Stand^ird  Atnios 
phere  when  the  pie%sure  Nvale  on  the  instrument 


is  set  at  20  ^)2  niches  of  nureur}  ,  C  onsequently. 
if  the  altimeter  is  set  at  2002  inches,  the 
mdieated  altitude  ot  an  airerall  will  be  4.780 
feu  at  the  S5()-inb  level,  O.SSO  feet  at  the 
700  inb  level,  etc  Siiiee  the  actual  atmosphere 
does  not  confoiiii  io  standard  conditiop.s.  the 
actual  (geometric)  neights  of  the  pressure  .sur- 
laccs  iiiav  depait  considerabK  from  that  of  the 
picssuie  iieighls.  F  or  kiany  flight  viperations  this 
departure  of  the  geometric  height  of  a  pressure 
suilacc  from  the  pressure  height  lor  that  surface 
is  ol  extreme  I'nportanee. 

I  he  dist*  -mtion  of  the  elements  menuoned  in 
the  preceding  [Kiragraphs  may  be  presented  in 
man\  combinations  on  various  thermodynamic 
charts.  l:ach  coiiibii  ation  of  these  meteorologi- 
cal variables  and  their  presentation  on  a  particu- 
lar therinodv  iiamie  diagram  ma\  be  suited  to 
ccitain  spcciali/ed  tv  pes  ol  eomputatioii.  but  no 
one  diagram  is  convenient  for  all  foreca>ting 
uses.  However,  one  diagiam  which  i>  considered 
to  be  especially  convenient  foi  probhMiis  relaied 
to  pressure-height  computations  is  called  a 
P.A.STACJK.ANL  Detailed  information  pertaining 
to  this  diagram  may  be  lound  in  the  booklet 
entitled  "I  se  of  the  Pastagram  in  Pressure- 
Height  C  oir.putations.'*  NA  .^O-lP-501.  This 
booklet  also  contains  tables  for  determining 
altitudes  based  on  the  U.S.  Standard  Atmos- 
phere liom  pressure  values.  Fhe  Paslagram  has 
main  meteorological  uses,  among  which  are 
included  piessuie-height  determinations,  check- 
ing or  extrapolating  heights  m  the  troposphere, 
ami  conversion  ol  "1)*'  value  reports  to  pressure 
values. 

AIR  DENSITY  AND 
WATER  VAPOR  COMPUTATIONS 

Air  density  and  the  water  vapor  content  of 
the  air  have  an  imporlaiil  effect  upon  engine 
perforinanee  and  takeoff  haraeleristics  of  air- 
cialt  In  this  section  of  the  chapter  we  will 
discuss  methods  lor  computing  these  elements 
from  a  meteorological  standpoint.  The  four 
most  umimon  elements  on  which  the  Acrog- 
lapher's  Mate  is  iec|uesled  to  furnish  informa- 
tion are  pressure  altilude.  density  altitude,  vapor 
prcssuie.  and  spccilic  hunudilv.  All  of  these  may 
be  deleiiiimed  fiom  the  Density  Altitude  Com- 
putei    contained    in    NWRF  publication 
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37-OS()2-0()O.  Coniplotc  instructions  for  the  use 
of  this  computer  may  be  louiul  in  the  luirrative 
section  of  tlii.s  publication  with  two  examples 
for  computcition  of  density  altitude  on  the 
reverse  side  of  th^-  coniputei.  Density  and 
pressure  .tItituJc  are  given  in  feet,  vapor  pressure 
commonh  in  nunibaisoi  iiichesof  mercury,  and 
specific  humiditv  in  i,rams  pei  gram  or  pounds 
per  pound. 

DENSITY  AND  DENSITY  ALTITUDE 

The  density  ol  the  atmosphere  is  a  factor  in 
nunn  of  the  important  problems  in  meteorol- 
og\.  as  well  as  in  those  related  sciences  and 
engineering.  The  performance  of  an  aircraft  or 
missile  depends  on  the  density  of  the  air  in 
which  It  is  Hying.  It  is  more  difficult  to  take  off 
from  high-altitude  airports  than  from  airports  at 
low  altitude,  and  it  is  more  difficult  to  take  off 
on  a  hot  afternoon  than  on  a  cool  morning. 

The  Aerographer's  Mate  in  the  field  may  be 
called  upon  to  furnish  air  density  information 
tor  operational  purposes  or  to  give  lectures  on 
this  subject.  In  either  case,  he  is  confronted  with 
a  problem  that  requires  him  to  spend  consider- 
able time  reviewing  available  literature.  This  is 
true  since  synoptic  moteorologisis  do  not  com- 
monly use  air  density  as  a  parameter,  and  thus 
are  not  always  famili.ir  with  the  application  of 
densitv  considerations  to  aircraft  operations. 

Since  both  tempeiature  and  pressure  decrease 
with  altitude,  it  might  appear  that  the  density  of 
the  atniospliere  would  remain  constant  with 
increased  altitude.  This  is  not  true,  for  pressure 
drops  more  rapidly  with  increased  altitude  than 
does  temperature.  Since  standard  pressures  and 
temperatures  have  been  associated  with  each 
altitude,  the  density  the  air  would  have  at  those 
standard  temperatures  and  pressures  must  be 
considered  standard.  Thus,  there  is  associated 
with  each  altitude  a  particular  atmospheric 
density.  Remember  density  altitude  is  not  neces- 
sarily true  altitude.  I  or  example,  on  a  day  when 
the  alniospheric  pressure  is  higher  than  standard, 
and  the  temperature  is  lower  than  standard,  the 
density  which  is  standard  at  10.000  feet  might 
occur  at  12.000  feet.  In  this  case,  at  an  actual 
altitude  of  12.000  feet,  we  have  air  which  has 
the  same  density  as  standard  air  at  10.000  feet. 
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Pressure  Altitude 

The  pressure  altitude  is  defined  as  the  altitude 
of  a  given  atmospheric  pressure  in  the  standard 
atmosphere.  The  pressure  altitude  of  a  given 
pressure  is  usually  a  fictitious  altitude.  It  is  equal 
to  the  true  altitude  only  in  the  rare  case  when 
atmospheric  conditions  between  sea  level  and 
the  altimeter  in  the  aircraft  correspond  to  those 
of  the  standard  atmosphere.  Aircraft  altimeters 
are  constructed  Tor  the  pressure-height  relation- 
ship that  exists  in  the  standard  atmosphere. 
Therefore,  when  the  altimeter  is  set  to  standard 
mean  sea  level  pressure  (29.92  in.),  it  indicates 
pressure  altitude  and  not  true  altitude. 

Density  Altitude 

The  density  altitude  is  defined  as  the  altitude 
at  which  a  given  den.sity  is  found  in  the  standard 
atmosphere.  If.  for  example,  the  pressure  at 
Cheyenne.  Wyoming  (elevation  6.140  ft)  is  equal 
to  the  standard  atmosphere  pressure  for  6.140 
feet  but  the  temperature  at  that  station  is  lOl^^F. 
the  density  there  is  the  same  as  that  found  at 
10.000  leet  in  the  standard  atmosphere,  and  an 
aircraft  on  takeoff  would  perlbrni  as  if  the 
altitude  of  the  runway  were  at  10.000  feet  in 
the  standard  atmosphere  instead  of  6.140  feet. 

The  effects  of  air  density  on  the  pitot  tube 
and  the  calibration  of  the  airspeed  indicator  of 
an  aircraft  are  such  that  indicated  airspeed  and 
true  airspeed  are  equal  only  when  density 
altitude  Is  /xro:  that  is.  when  the  air  density  is 
that  of  dry  air  at  standard  mean  sea  level 
pressure  (29.92  in.)  and  standard  .sea  level 
temperature  {\:>^C),  True  airspeed  exceeds  in- 
dicated airspeed  when  the  density  altitude  in- 
creases. 

No  instrument  is  available  to  measure  density 
altitude  directly.  It  must  be  computed  from  the 
pressure  (for  takeoff,  station  pressure)  and  the 
virtual  temperature  at  the  particular  altitude 
under  consideration.  This  may  be  accomplished 
by  using  the  Density  Altitude  Computer  or  by 
using  a  chart  in  Manual  of  Baronietry.  N\V 
50-1D-510.  Remember,  virtual  temperature  is 
Used  in  the  computation  of  density  altitude 

WATER  CONTENT  OF  THE  AIR 

The  capabilities  of  an  aircraft  will  be  alTeeted 
significantly  by  the  water  content  of  the  air. 


AEROGRAPlllIirS  MATli  1  &  C 


Water  content  is  frequently  described  as  fog  or 
in  the  extreme,  precipitation.  The  forecasting  of 
fog  and  precipitation  were  discussed  quite  exten- 
sively in  chapters  10  and  1 1  of  this  manual.  Two 
other  trequent  requests  concerning  water  con- 
tent are  for  vapor  pressure  and  specific  humid- 
ity. 

Vapor  Pressure 

Vapor  pressure  is  that  portion  of  the  at- 
mospheric pressure  that  is  exerted  by  tho  water 
vapor  in  the  atmosphere  and  is  expressed  in 
inches  and  in  tenths  of  an  inch  of  mercury  (lis). 
The  dewpoint  for  a  given  condition  depends  on 
the  amount  of  water  vapor  present,  bO  a  direct 
relationship  exists  between  vapor  pressure  and 
the  dewpoint.  Vapor  pressure  may  significantly 
affect  engine  power. 

Figure  16-10  shows  a  chari  for  determining 
vapor  pressure  from  the  dewpoint  temperature. 
You  enter  the  bottom  of  the  chart  with  the 
dewpoint  temperature  and  go  up  vertically  until 
you  intersect  the  curve  and  read  the'vapor 
pressure  at  the  left  side  of  the  chart  in  tenths  of 


inches  and  tenths  of  mercury.  This  value  may 
also  be  found  on  tlie  Density  Altitude  Com- 
puter. 

Specific  Humidity 

The  mass  of  water  vapor  present  in  a  unit 
mass  of  air  is  known  as  specific  humidity.  The 
mass  of  the  unit  of  air  taken  is  considered  to  be 
ii  unit  mass  of  moist  air.  Since  the  mass  of  a  unit 
of  dry  air  differs  but  little  from  the  mass  of  a 
unit  of  moist  air,  the  mixing  ratio  and  the 
specific  humidity  are  nearly  numerically  equiva- 
lent. ^ 

In  tropical  countrie*^,  where  temperatures  are 
high  and  rainfall  is  excessive,  the  water  vapor 
content  of' the  air  reaches  high  proportions.  All 
engine  test  data  are  calculated  on  dry  air.  Since 
water  vapor  is  incombustible,  it  is  a  total  loss  as 
far  as  the  engine  is  concerned.  Specific  humidity 
can  be  determined  from  the  Density  Altitude 
Computer  or  from  the  two  following  methods. 
The  values  given  in  these  examples  show  the 
amount  of  water  vapor  in  pounds  per  pound  of 
dry  air: 


VAPOR  PRESSURE  DIAGRAM  (30"  Hg) 

==1,6  GIVEN:  DEW  POINT  70»  F 

ES  ^*ND:  VAPOR  PRESSURE  INS.  Hg 


INSTRUCTIONS: 

I.  DETERMINE  DEW  POINT 
TEMPERATURE 

2  GO  UP  FROM  DEW  POINT 
TO  INTERSECTION  OF  VAPOR 
PRESSURE  CURVE 

3.  READ  VAPOR  PRESSURE 
AT  LEFT  OF  PAGE 


FROM:  TABLE  95,  SMITHSONIAN 
METEOROLOGICAL  TABLES,  NA50-IB-52I 


0      10     20    30     40     50    60    70    80  90 

DEW  POINT  TEMPERATURE  «F 


AG.724 

Figure  16-10.-Vapor  pressure  chart. 
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1.  If  the  dewpoint  is  known,  use  Figure  1 6-1 1 

(A)  and  intcrpokite  for  the  value  of  specific 
humidity.  In  this  case  the  dewpoint  temperature 
IS  OG^'F  and  the  specific  humiduty  by  interpola- 
tion is  0.0135. 

2.  If  the  wet  bulb  and  temperature  are 
known  and  not  the  dewpoint  use  figure  16-11 

(B)  .  In  this  example  the  dry-bulb  temperature  is 
72® F  and  the  wet-bulb  temperature  is  67° F. 
With  a  straightedge,  enter  the  dry-bulb  scale  at 
72''F  (Point^  A),  locate  67''F  wet-bulb  on  the 
wet-bulb  scale  (point  B),  and  project  a  straight 
line  through  these  two  points  to  the  specific 
humidity  scale.  It  reads  approximately  0.0133. 

FORECASTING  ALTIMETER  SETTINGS 

Under  certain  conditions  it  may  be  necessary 
to  forecast  or  develop  an  altimeter  setting  f'^r  a 
station  or  a  location  for  which  an  altimeter 
setting  is  not  received.  There  is  also  a  possibility 
that  an  altimeter  setting  may  be  required  fo*-  an 


area  not  havuig  a  weather  station.  Recent 
implementation  of  the  COMET  System  requires 
that  designated  naval  air  stations  prepare  and 
disseminate  Plain  Language  Terminal  Forecasts 
in  the  PLATES  Code.  A  forecast  of  the  lowest 
altimeter  setting  for  the  forecast  period  is 
required.  For  these  reasons  it  is  important  that 
forecaster  personnel  have  a  basic  understanding 
of  the  importance  of  correct  altimeter  settings 
and  a  knowledge  of  a  procedure  for  forecasting 
altimeter  settings.  Refer  to  FMH  No.  I  Chapter 
A8  for  computation  of  altimeter  settings. 

BASIC  CONSIDERATIONS 

An  altimeter  is  primarily  an  aneroid  barom- 
eter calibrated  to  indicate  altitude  in  feet  instead 
of  units  of  pressure.  An  altimeter  reads  accu- 
rately only  in  a  standard  atmosphere  and  when 
the  correct  altimeter  setting  is  used.  Since 
standard  conditions  seldom  (if  ever)  exist,  the 
altimeter  reading  usually  requires  correction.  It 
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IF  DEW  POINT  TEMPERATURE  IS 
KNOWN.  READ  SPECIFIC  HUMIDITY 
FROM  CONVERSION  SCALE  A80VE 
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Figure  16-11 -Determination  of  specific  humidity  from  nor-»ogram,  (A)  When  dewpoint  i$  known; 
(B)  When  temperature  and  wet  bulb  are  known. 
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will  indicate  10,000  feet  when  the  pressure  is 
697  millibars,  whether  or  not  the  altitude  is 
actually  10,000  feet. 

The  altimeter  is  generally  corrected  to  read 
zero  at  sea  level.  A  procedure  used  in  aircraft  on 
the  ground  is  to  set  the  altimeter  reading  to  the 
elevation  of  the  airfield.  Tne  altimeter  then 
reads  the  altitude  above  sea  level  and  the 
Kollsman  window  indicates  the  current  altimeter 
setting. 

Altimeter  Errors  Due  to 
Change  in  Surface  Pressure 

The  atmospheric  pressure  frequently  differs  at 
the  point  of  landing  from  that  of  takeoff: 
therefore,  an  altimeter  correctly  set  at  takeoff 
may  be  considerably  in  error  at  the  time  of 
landing.  Altimeter  settings  are  obtained  in  flight 
by  radio  from  navigational  aids  with  voice 
facilities.  Otherwise,  the  expected  altimeter  set- 
ting for  landing  should  be  obtained  by  the  pilot 
before  takeoff. 

To  illustrate  this  point,  figure  16-12  shows 
the  pattern  of  isobars  in  a  cross  section  of  the 
atmosphere  from  New  Orleans,  Louisiana,  to 
Miami,  Florida.  The  pressure  at  Miami  is  1,019 
millibars  and  the  pressure  at  New  Orleans  is 
1,009  millibars,  a  difference  of  !0  millibars. 


Assume  that  an  aircraft  takes  off  from  Miami  to 
fly  to  New  Orleans  at  an  altitude  of  500  feet,  A 
decrease  in  the  mean  sea  level  pressure  of  10 
millibars  from  Miami  to  New  Orleans  would 
cause  the  aircraft  to  gradually  lose  altitude;  and 
although  the  altimeter  indicates  500  feet,  the 
aircraft  would  be  actually  flying  at  approxi- 
mately 200  feel  over  New  Orleans.  The  correct 
altitude  can  be  determined  by  obtaining  the 
correct  altimeter  setting  from  New  Orleans, 
resetting  the  altimeter  to  agree  with  the  destina- 
tion adjustment. 

NOTE:  The  following  relationships  generally 
hold  true  up  to  approximately  15,000  feet:  34 
millibars  =  I  inch  (Hg)  =  1,000  feet  elevation. 
Since  I  millibar  is  equal  to  about  30  feet  below 
10,000  feet  altitude,  a  change  of  10  millibars 
would  result  in  an  approximate  error  of  300 
feet. 


Altimeter  Errors  Due  to  Variation 
From  Standard  Temperature 

Another  type  of  altimeter  error  is  due  to 
nonstandard  temperatures.  Even  though  the 
altimeter  is  properly  set  for  surface  conditions, 
it  will  often  be  incorrect  at  higher  levels.  If  the 
air  is  wai-iier  than  the  standard  for  the  flight 
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altitude,  the  aircraft  will  be  higher  than  the 
altimeter  indicates,  if  the  air  is  colder  than 
standard  tor  flight  altitude,  the  aircraft  will  be 
lower  than  the  altimeter  indicates.  (See  fig. 
16-13.) 

FORECASTING  PROCEDURE 

The  tlrst  step  in  the  forecasting  of  altimeter 
settings  is  to  forecast  the  sea  level  pressure  for 
the  valid  time  of  the  desired  altimeter  reading. 
This  may  be  done  by  using  the  recommended 
procedures  of  prognosis  presented  in  earlier 
chapters  of  this  training  manual.  Facsimile  prog 
charts  can  also  be  used. 

After  the  value  for  the  expected  sea  level 
pressure  has  been  obtained,  it  must  be  modified 
to  reflect  the  diurnal  pressure  change  at  the 
location  in  question.  Pressure  tendency  charts, 
locally  prepared  diurnal  curves,  and  other  avail- 
able information  can  be  used  to  obtain  represen- 
tative diurnal  changes. 

The  final  result  of  the  first  two  steps  will 
normally  be  expressed  in  millibars  since  it  is 
conventional  to  work  in  these  units  on  related 
charts.  If  this  is  the  case,  then  this  resultant 


pressure  in  millibars  must  be  converted  into 
inches  of  mercury  before  it  can  be  used  for  an 
altimeter  setting. 

The  computations  for  forecasting  in  altimeter 
setting  are  illustrated  as  follows: 


CASE  1 

Forecast  sea  level  pressure 
Diurnal  change 

Corrected  forecast 

For  final  forecast, 
1002.0  mb  converts  to 


CASE  2 

Forecast  sea  level  pressure 
Diurnal  change 

Corrected  forecast 

For  final  forecast, 
997.0  mb  converts  to 


1004.0  mb 
'2.0  mb 

1002.0  mb 


29.95  in. 


996.0  mb 
+  1.0  mb 

997.0  mb 


29.44  in. 


-ALTIMETER  READS 
LOW 


rALTIMETER  READS 
CORRECTLY 


INDICATED 


.ALTIMETER  READS 
HIGH 


SAME  SEA  LEVEL  PRESSURE 


AG.72V 


ERLC 


Figure  16-13.-Altimeter  eirors  due  to  nonstandard  air  temperatures. 
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FLIGHT  LEVELS  VERSUS 
TRUE  ALTITUDE 

A  niglit  level  is  defined  as  a  level  of  constant 
atmospheric  pressure  related  to  a  reference 
datum  of  29.92  inches  of  mercury.  In  other 
words,  the  altimeter  is  set  to  29.92  regardless  of 
the  true  altimeter  setting,  and  levels  Hown 
thereafter  are  based  on  this  indication  of  alti- 
tude. For  example,  flight  level  250  is  equivalent 
to  an  altimeter  indication  of  25,000  feet  when 
the  altimeter  is  set  to  29.92. 

In  the  continental  United  States  and  Alaska, 
FAA  regulations  require  all  aircraft  to  use  a 
standard  setting  of  29.92  inches  at  and  above 
18.000  feet.  Also,  this  standard  setting  of  29.92 
inches  is  used  over  the  oceans  at  all  altitudes 
when  an  aircraft  is  a  distance  of  100  miles  or 
more  from  a  defined  area. 

Over  Europe,  the  standard  altimeter  setting  of 
29.92  inches  is  used  at  and  above  3,000  feet. 
Pilots  must  be  briefed  on  low-pressure  areas 
along  the  flight  route.  Otherwise,  a  standard 
altimeter  setting  of  29.92  inches  could  give  a 
false  indication  that  would  indicate  an  altitude 
significantly  higher  than  the  actual  altitude.  In 
mountainous  terrain,  this  could  prove  disastrous 
unless  the  pilot  is  alerted  to  the  presence  of 
these  areas  of  low  pressure  along  the  route. 

METEOROLOGICAL  BALLISTIC  FORECASTS 

The  still  (no  wind)  atmosphere  acts  on  a 
projectile  as  a  retarding  force,  whose  magnitude 
i$  a  direct  function  of  the  density  of  the 
atmosphere.  The  problem  of  calculating  the 
extent  to  which  a  projectile  will  be  slowed  down 
thus  involves  measuring  the  atmospheric  density 
along  the  projectile's  trajectory.  This  trajectory 
may  be  surface-to-surface  as  illustrated  in  figure 
16-14  or  it  may  be  surface-to-air,  air-to-air,  or 
air-to-ground. 

Although  the  Aerographefs  Mate  will  most 
frequently  be  called  upon  to  fuvnhh  corrections 
for  surface-to-surface  and  surface-to-air  trajec- 
tories, he  might  also  be  asked  to  provide 
air-to-ground  (bomb)  trajectory  corrections.  The 
latter  are  referred  to  as  Q-factors.  The  magni- 
tude of  the  retarding  effect  due  to  wind  and  air 
density  is  quite  important  in  directing  the  aim  of 
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Figure  16-14.-Example  of  surface-to-surface  trajectory. 

a  gun.  since  it  may  reduce  the  gun's  range  by 
more  than  half  of  what  it  would  be  if  the 
atmosphere  were  absent. 

Recent  developments  in  new  types  of  naval 
gun-fired  projectiles,  such  as  the  rocket  assisted 
projectile  (RAP)  and  improved  conventional 
projectiles  have  revived  interest  in  meteorologi- 
cal ballistics  on  the  part  of  the  operating  forces. 
The  development  of  simplified  procedures  for 
computing  and  applying  ballistic  wind  arid  den- 
sity corrections  has  become  an  urgent  require- 
n.^    for  fleet  operations  and  for  training. 

BALLISTIC  FORECASTS 

The  effects  of  air  density  and  wind  upon  the 
trajectory  of  a  projectile  cannot  be  accounted 
for  without  considering  the  meteorological  ef- 
fects. Corrections  for  wind  and  density  must  be 
applied  in  the  form  of  '^ballistic''  wind  and 
density  corrections,  for  which  additional  compu- 
tations, requiring  some  knowledge  of  meteorol- 
ogy, are  necessary.  These  computations  demand 
measurements,  equipment  and  skills  usually 
available  only  to  Naval  Weather  Service  Com- 
mand units,  and  instructions  for  making  iheni 
are  written  primarily  for  use  by  meteorological 
personnel.  The  dissemination  of  ballistic  wind 
and  density  forecasts  for  Fleet  operating  units  is 
the  responsibility  of  the  Naval  Weather  Service 
Command. 

The  areas  for  which  ballistic  forecasts  are 
issued  include  most  of  the  northern  hemisphere 
and  a  significant  portion  of  the  southern  hemis- 
phere. Requests  for  ballistic  wind  and  density 
forecasts  should  specify  the  location  and  time 
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penoJ  of  interest  ami  sliouki  be  forwarded  to 
the  eognizanl  Fleet  Weather  Central  in  accord- 
ance with  NavWeaServConilnst  3140.1  (Series). 


NATO  STANDARD  BALLISTIC 
METEOROLOGICAL  MESSAGE 

The  United  States,  by  ratification  of  NATO 
Standing  Agreements  (STAN AGS),  has  adopted 
the  standard  atmosphere  and  the  standard  ballis- 
tic meteorological  message  formats  approved  for 
use  by  forces  of  the  North  Atlantic  Treaty 
Organr/aiion  (NATO).  All  ballistic  wind  and 
density  forecasts  are  transmitted  in  the  NATO 
format  unless  -spcciriuilly  requested  otherwise. 

The  NATO  Standard  Ballistic  Meteorological 
Message  is  applicable  to  3-inch  through  8-inch 
standard  projectiles.  It  consists  of  two  parts: 
(Da  mandatory  preamble,  followed  by  (2)  six 
figure  groups  of  ballistic  data,  in  pairs,  which, 
for  naval  gunfire,  may  number  up  to  ten  or  more 
pairs.  The  ibrmat  and  content  are  contained  in 
the  technical  manual  Ballistic  Wind  and  Density 
for  Naval  Cainfire.  NavOrd  OP  3784. 


DETERMINATION  OF 
BALLISTIC  ELEMENTS 

With  the  introduction  and  advancement  of 
compulei  technology  many  of  the  ballistic 
correlations  required  for  mis  iles  and  naval  gun- 
fire are  applied  automatically.  However,  raw 
data  must  still  be  determined  and  it  is  necessary 
tor  the  AG  to  familiarize  himself  with  the 
computational  procedures  involved. 

Ballistic  Density 

BallKStic  density  is  obtained  by  computing  the 
weighted  average  of  the  relative  values  in  the 
various  zones,  the  relative  values  in  each  zone 
being  obtained  by  first  computing  the  zone 
density  from  the  mean  virtual  zone  temperature 
and  the  pressure  at  the  mid-point  of  the  zone, 
and  then  expressing  this  zone  density  as  a 
percentage  of  the  standard  density  for  the  zone. 
For  example,  if  the  ballistic  density  for  a 
particular  zone  is  expressed  as  105  percent,  then 
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the  actual  atmospheric  density  is  5  percent 
greater  than  the  standard  ballistic  density  for 
that  height. 

U.S.  Navy  range  tables  (with  the  exception  of 
RAP)  and  fire  control  computer  cams  are  based 
on  the  Navy  Ballistic  Standard  Atmosphere 
which  is  described  as  a  density  of  1.2034  kg/m^ 
at  a  pressure  of  1 ,000  nib  with  a  temperature  of 
IS'^C  and  a  relative  humidity  of  78  percent. 
This  data  differs  from  the  NATO  atmosphere  in 
that  the  Navy  atmosphere  is  lower  up  to  7,000 
meters.  At  approximately  8,500  meters  the 
values  of  density  in  the  two  atmospheres  are 
equal,  but  the  Navy  atmosphere  rapidly  becomes 
the  more  above  that  level.  The  physical  proce- 
dure for  computing  ballistic  density  is  contained 
in  NavOrd  OP  3784,  mentioned  earlier  in  this 
section. 

Ballistic  Wind 

Ballistic  winds  for  conventional  gunfire  are 
obtained  in  much  the  same  manner  as  ballistic 
densities.  The  same  weighting  factors  are  used 
for  both  range  and  crosswind  components.  For 
rocket-assisted  projectiles,  however,  wind 
weighting  factors  are  not  the  same  for  range 
wind  as  for  crosswind.  Thus,  a  correct  determi- 
nation of  the  range  wind  component  depends 
upon  a  ballistic  wind  based  on  range  wind 
weighting  factors,  and  determination  of  the 
crosswind  component  depends  upon  a  ballistic 
wind  based  on  crosswind  weighting  factors.  Both 
components  must  be  used  to  obtain  the  ballistic 
wind.  Ballistic  wind  computational  procedures 
are  contained  in  NavOrd  OP  3784. 

Q-FACTORS 

The  effects  of  wind  are  as  important  to  the 
fall  of  a  bomb  as  they  are  to  the  trajectory  of  a 
projectile.  In  the  case  of  bombing,  however,  the 
effects  of  wind  are  treated  slightly  differently 
than  the  effect  of  wind  on  a  projectile,  primarily 
because  the  wind  corrections  must  be  of  such  a 
nature  that  they  are  readily  adaptable  for  use  as 
an  input  to  the  bombsight.  The  term  **Q-factor" 
is  subsequently  used  and  is  a  modification  of  the 
ballistic  wind  concept.  The  procedure  for  com- 
puting Q-factors  may  also  be  found  in  NavOrd 
OP  3784. 
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SOLAR  RADIATION-HIGH  ALTITUDE 
(SOLRAD-HI)  OBSERVATIONS 

The  SOLRAD-IIl  program  which  is  currently 
under  development  involves  the  launching  of  a 
series  of  satellites  tor  the  measurement  of  high 
altitude  solar  radiation  emitted  by  the  sun. 

TECHNICAL  FACTORS 

Military  activities  concerned  with  satellite 
surveillance,  communications,  and  research  and 
development  are   becoming  increa.singly  con- 
cerned with  solar-geophysical  activity.  Since  the 
Aerographer\s  Mate  is  directly  involved  in  .satel- 
lite sui-veillance  lor  the  receipt  of  meteorological 
data  and  involved  either  directly  or  indirectly  in 
communications,  he  should  keep  current  on 
certain  factors  related  to  these  fields.  In  the  ca.se 
of  .satellite  .surveillance,  solar  geophysical  activ- 
ity has  been  determined  to  affect  the  amount  of 
drag   on  .some  space  satellites:  cau.se  .some 
changes   related    to   orbital   parameters:  and 
produce  various  tracking  difficulties.  In  the  case 
ol"  communications,  the  effects  are  primarily  in 
the  area  of  the  quality  of  tran.smission  and 
reception  of  data.  There  are  many  technical 
factors  involved  in  the  field  of  solar  geophysical 
study  which  are  beyond  the  scope  of  this  Rate 
Training  Manual.  However,  the  AG  should  have 
a  basic  understanding  of  some  of  the  characteris- 
tics related  to  this  field  becau.se.  due  to  his 
involvement  in  receiving  satellite  data,  he  may 
be  called  upon  at  a  later  date  to  perform 
functions  related  to  the  acquisition  of  solar 
geophysical  data. 

Some  of  the  physicaf  features  of  the  .solardi.sk 
were  presented  in  chapter  3  of  this  manual. 

EFFECTS  OF  SOLAR  FLARES 

Outbursts  of  radio  noi.se  often  accompany 
.solar  Hares,  particularly  the  larger  ones.  This 
noise  may  take  the  form  of  a  sudden  on.set  of 
radio  noise  in  a  narrow  band  at  high  frequency, 
drifting  downward  in  frequency  to  below  100 
MHz  over  a  period  of  from  2  to  5  minutes  or  in 
.some  cases  over  a  period  of  a  few  seconds.  Flare 
associated  radio  disturbance  may  occur  as  an 
onset  of  noise  over  a  band  of  .several  hundred 
MHz  commencing  during  visible  phases  of  a  flare 
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and  lasting  anywiiere  from  a  few  minutes  to 
several  hours  after  the  flare  cea.ses  to  exist. 

Solar  flares  are  found  to  have  a  direct 
relationship  with  disturbances  occurring  in  the 
earth's  ionosphere,  lliese  ionospheric  disturb- 
ances occur  coincident  with  and  .some  hours 
following  flares  and  solar  geomagnetic  storm.s, 
mdicating  that  flares  emit  ultraviolet  radiation, 
x-rays,  and  electrically  charged  particles.  The 
more  intense  magnetic  storms  are  .strongly  corre- 
lated with  .solar  flares.  However,  it  must  be  kept 
in  mind  that  although  iono.spheric  disturbances 
may  be  correlated  with  .solar  flare  activity,  all 
solar  flares  do  not  necessarily  create  ionospheric 
disturbances. 

During  the  disturbances  of  the  iono.sphere 
attributed  to  .solar  flare  activity,  long  distance 
radio  communications  may  deteriorate  or  be 
completely  blacked  out  for  several  hours.  Dis- 
turbances may  create  changes  in  the  strength  of 
the  geomagnetic  field  resulting  in  interruptions 
in  land  line  currents  .sufficient  to  affect  wire 
communications. 

SOLAR  PROMINENCES,  -  Solar  prominences 
appear  in  various  configurations.  Among  these 
are  those  designated  as  "loop"  prominences.  The 
loop  prominence  is  indicative  of  a  highly  erup- 
tive solar  activity  center  in  its  most  active  pha.se. 
When  loop  prominences  are  observed  on  the 
eastern  side  of  activity  centers,  .solar  flares  such 
as  tho.se  mentioned  in  the  preceding  paragraph 
may  be  expected  during  the  following  2  weeks. 
Solar  prominences  are  discu.ssed  in  more  detail 
in  chapter  3  of  this  manual, 

SOLAR  OBSERVATIONS 

Solar  ob.servations  for  the  purpose  of  studying 
solar  emissions  are  currently  performed  in  a 
variety  of  ways,  among  which  are  included  the 
following: 

!.  Optical  observations.  Optical  observatories, 
through  the  use  of  visual  telescopes,  provide 
detailed  observations  for  analy.sis,  prediction, 
and  detection  of  solar  activity.  They  also  pro- 
vide world-wide,  24-hour  coverage  of  the  .sun's 
physical  appearance.  Although  much  valuable 
data  k  obtained  in  this  manner,  the  limitations 
placed  on  this  means  of  ob.servalion  are  readily 
apparent. 
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2.  Radio  observation.  These  observatories 
supplement  the  optical  observatories  through 
the  utihzation  of  radio  telescopes.  These  tele- 
scopes in  actuality  are  large  antenna-receiver 
combinations.  They  monitor  solar  radio  eniis- 
sions  at  discrete  (isolated)  tVequoncies  set  aside 
tor  this  purpose.  They  provide  solar  maps  in 
selected  wavelengths  tor  detailed  analysis. 

3.  Satellite  observations.  This  method  of 
solar  observation  currently  provides  observations 
of  solar  x-ray  radiation,  electromagnetic  parti- 
cles.  and  solar  wind  characteristics.  Satellites 
also  provide  early  warning  of  changes  in  the 
interplanetary  or  near-earth  space  environments. 
They  also  provide  increased  solar  coverage  since 
they  may  be  positioned  to  detect  solar  events 
which  occur  on  some  portions  of  the  sun  not 
visible  from  the  earth. 

ARCTIC  AND  ANTARCTIC  ICE 
OBSERVATIONS 

The  study  ot*  the  air-ocean  environment, 
especially  in  polar  meteorology,  would  be  in- 
complete without  the  presentation  of  some 
intbrniation  related  to  the  characteristics  of  sea 
ice. 

The  U.S,  Naval  Oceanosraphic  Office  (NAV- 
OCEANO)  was  engaged  in  supporting  tleel 
operations  within  the  arctic  and  antarctic  seas 
through  the  implementation  of  an  ice  observa- 
tion and  forecasting  program.  This  responsibility 
has  now  been  assumed  by  the  Naval  We'/ther 
Service  Command  and  assigned  to  Fleet  Weather 
Facility.  Suitland.  Included  in  this  program  is 
the  issuance  of  bulletins  which  consist  of  compi- 
lation of  data  obtained  from  shipboard,  shore, 
and  aircraft  observers  who  forward  their  ice 
observations  to  FLEWEAFAC.  Suitland.  These 
observations  may  be  received  as  special  reports 
or  they  may  be  appended  to  routine  weather 
reports.  For  this  program  to  be  fully  elTective,  it 
is  essential  that  all  vessels  and  aircraft  operating 
in  ice  areas  cooperate  with  the  NAVWEASERV- 
COM.  Each  bit  of  intbrniation  adds  to  the 
steadily  increasing  knowledge  of  these  least 
traveled  and  remote  seas.  Such  data  also  add  to 
the  accuracy  and  usefulness  of  the  global  sea  ice 
forecasts  produced  and  distributed  by  FLE- 
WEAFAC. Suitland. 


Ureater  utilization  of  Arctic  and  Antarctic 
areas  has  brought  about  a  need  for  Aerogra- 
pher's  Mates  to  develop  an  understanding  of  sea 
ice.  the  terminology  used,  its  general  distribu- 
tion, and  the  Ice  Observation  Program.  The  need 
to  protect  our  northern  borders  from  attack  has 
made  it  necessary  to  establish  a  network  of 
listening  posts  such  as  radar  sites,  throughout 
the  Arctic.  These  weather  stations  and  radar 
sites  must  be  supplied.  Usually  these  supplies  are 
brought  by  ships.  These  ships  must  be  aware  of 
where  !he  ice  lies  in  relation  to  their  positicn. 
Only  in  summer  does  the  icepack  uire*it  from 
our  northern  coastlines.  Theretbre.  this  is  the 
.season  when  supply  routes  must  be  traversed. 

For  these  and  other  reasons  personnel  are 
given  thorough  training  in  ail  aspects  of  ice 
observing  prior  to  assignment  to  operational 
duties.  These  duties  may  include  assignment  to 
aerial  ice  observing  units  or  to  various  arctic  or 
antarctic  bases. 

ICE  IN  THE  SEA 

Ice  in  the  sea  consists,  tbr  the  most  pari,  of 
either  sea  ice  tbrmed  by  the  free/.ing  otMop 
layers  of  the  ocean,  or  icebergs  oiiginating  from 
glaciers  or  continental  ice  sheets.  Sea  ice  ac- 
counts Ibr  around  95  i^ercent  of  the  area  ice 
encountered,  but  bergs  are  important  because  of 
the  manner  in  which  they  drift  troni  their  point 
of  origin,  constituting  a  navigation  hazard.  A 
certain  amount  of  ice  encountered  at  sea  origi- 
nates in  rivers  or  estuaries  as  lYesh  water  ico: 
however,  as  it  is  already  in  a  state  of  deteriora- 
tion by  the  time  it  reaches  the  open  sea.  its 
importance  is  local. 

ICE  OF  LAND  ORIGIN 

Ice  of  land  origin  in  the  sea.  though  ol^ten 
spectacular,  is  of  minor  importance  in  Arctic 
operations,  except  in  localized  areas.  Icebergs 
are  large  masses  of  ice  detached  troni  the  lYonJs 
of  glaciers,  from  glacier  ice  tongues,  or  from  the 
shelf  ice  of  the  Antarc  ic.  Smaller  masses, 
termed  growlers  and  beigy  bits,  may  originate 
trom  glaciers,  or  may  be  Ibnned  from  the 
disintegration  of  icebergs  and  other  masses  of 
land  formed  ice. 
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FORMATION  OF  SUA  ICE 


When  sea  wnter  with  a  salinity  tliat  is  hiaher 
than  25.0  o/oo  is  cooled  at  the  siirtace.'the 
density  of  the  surface  layer  incn>ases.  causing 
convective  movements  that  continue  until  the 
surface  water  is  cooled  to  the  freezing  point  and 
ice  beg:ns  to  form.  Klongatod  crystals  of  pure  ice 
are  produced  first.  Since  the  .salinity  of  the 
surface  water  increases  with  cooling,  the  convec- 
tive currents  are  maintained.  With  continued 
freezing,  the  ice  crystals  form  a  matri.x  in  which 
certain  amounts  of  .sea  water  become  trapped 
the  more  rapid  the  freezing,  the  greater  the 
amount  of  .sea  water  that  will  be  enclosed  in  the 
ice.  When  the  temperature  of  the  ice  is  further 
lowered  some  of  the  trapped  sea  water  freezes 
making   the  cells  containing  the  .salt  brine 
snialler.  resulting  in  the  .salt  concentration  in  the 
enclosed  brine  becoming  greater.  Thus,  sea  ice  is 
made  up  of  crystals  of  pure  ice  separating  smail 
cells  of  brine  whose  concentration  of  salt  de- 
pends on  ^he  temperature  of  the  ice.  If  the  ice  is 
cooled  to  low  enough  temperatures,  solid  sahs 
will  crystallize  out. 

With  a  rise  of  the  temperature  of  sea  ice  the 
ice  which  encloses  the  brine-filled  cells  melts  and 
the  salt  crystals  begin  to  di.ssolve.  As  melting 
progresses,  the  brine  cells  become  larger;  as  the 
temperature  approaches  0°C.  the  cells  join, 
permitting  the  trapped  sea  water  to  flow  down- 
ward. Where  the  sea  ice  has  become  hummocked 
(ridge  of  ice),  most  of  the  salt  brine  will  fiow 
downward  leaving  only  pure  ice.  This  ice  can  be 
used  as  a  source  of  potable  water.  Sea  ice  which 
has  not  been  hummocked  will  become  .soggy  and 
disintegrate. 

Salinity  of  ice  depends  on  how  fast  it  freezes 
Its  age,  and  on  the  temperature  changes  to  which 
It  has  been  subjected.  When  sea  ice  freezes  very 
rapidly,  brine  and  .salt  often  accumulate  on  ice 
.surfaces,  making  the  surface  wet  at  temperatures 
as  low  as  -30°  to  -40°C.  This  acci  nuilation 
greatly  increases  friction  on  sled  runners  and 
skis. 

Sea  ice  propertie-s  differ  greatly  from  those  of 
fresh  water  ice.  The  properties  of  sea  ice  are 
dependent  upon  the  amount  of  enclosed  brine 
and  the  number  of  air  bubbles  left  in  the  ice  if 
all  or  part  of  the  brine  has  trickled  down. 


I  lie  deiLsity  of  sea  ice  is  dependent  upon  its 
content  of  brine  and  air  hubbies.  The  density  of 
pure  ice  at  0  C  is  0.9168.  but  the  density  of'sea 
ice  may  be  either  above  or  below  that  of  pure 
ice.  depending  on  its  brine  and  air  bubble 
content. 

GENEFiAL  TERMINOLOGY 

To  make  an  intelligent  approach  toward  an 
understanding  of  ice.  it  is  first  nece.s.sary  to 
know  some  of  the  more  or  less  standard  terms 
by  which  ice  is  observed  and  reported  This 
termmology  is  a  new  language.  It  is  very  broad 
and  IS  u.sed  almost  exclu.sively  by  those  who 
work  with  ice.  For  further  information  on  terms 

[fnn Tm ''^'""^  Observation 

H.  O.Pub.No.  606-il.  Some  of  the  most  com- 
monly u.sed  terms  are  listed  in  the  following 
sections.  " 

Sea  Ice 

Sea  ice  is  that  ice  formed  by  the  freezing  of 

S''"'^  ^'^'"•''-''■'''"'■^'s  tlie  neighborhood 
of  -2  C.  .subject  to  certain  conditions,  as  stated 
in  the  previous  .section  on  the  formation  of  sea 
ice.  The  first  sign  that  the  .sea  .surface  is  freezing 

I. S  :sn  oily  opaque  appearanet:  of  water  This 
appearance  is  oau.sed  by  the  formation  of  spic- 
ules, minute  ice  needles,  and  thin  plates  of  ice 
known  as   frazil  crystals,  which  increase  in 
number  until  the  sea  surface  attains  a  thick 
.soupy  consistency.  This  is  known  as  grea.se  ice' 
Upon  further  freezing,  and  depending  on  wind 
exposure,  waves,  and  .salinity,  the  grease  ice 
develops  into  nilas.  an  elastic  crust  with  a  matte 
surface,  or  into  ice  rind,  a  brittle  shiny  crust 
Except  m  wind-shelter     area.s.  the  slu.sh.  as  it 
thickens,  breaks  up  into  separate  nia.sscs.  and  is 
frequently  d::jrac«erized  by  a  pancake  form.  The 
raised  edges  and  rounded  shapes  result  from 
collisions  of  the  cakes.  With  the  continuation  of 
low  temperatures,  the  cakes  freeze  into  a  contin- 
uous sheet. 

Age 

The  age  of  the  ice  is  defined  as  the  stage  in 
tlie  ice  cycle  from  inception  to  di.ssolution. 
I  here  are  ba.sically  three  stages  in  the  formation 
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of  sea  ice.  YOUNG  ICE  is  newly  formed  level 
ice.  Its  thickness  is  from  1 0cm  to  30cm  (4  in.  to 
12  in.).  Young  ice  is  further  classified  as  gray  ice 
and  gray«white  ice.  FIRST-YEAR  ICE  is  more  or 
less  unbroken  level  of  ice  of  not  more  than  one 
winter's  growth,  originating  from  young  ice.  Its 
thickness  is  from  30  cm  to  2  m  (1 2  in.  to  6.6  ft). 
First-year  ice  may  be  subdivided  into  thin 
first-year  ice,  medium  first-year  ice,  and  thick 
first-year  ice;  the  latter  is  more  than  120  cm  (4 
ft)  thick.  OLD  ICE  is  extremely  heavy  sea  ice 
which  has  survived  at  least  one  summer's  melt. 
Old  ice  may  be  subdivided  into  second-year  ice 
and  multiyear  ice. 

Topography 

Topography,  or  the  configuration  of  the  sea 
surface,  deals  with  the  degree  of  surface  rough- 
ness of  sea  ice  from  flat  to  extremely  rough.  The 
terms  most  frequently  used  to  describe  the 
topography  of  the  ice,  sometimes  used  in  combi- 
nations are  listed  below. 

RAFTED  ICE. -"Rafting  is  associated  with 
young  ice  and  young  first-year  ice.  Rafting 
occurs  when  ice  cracks  or  floes  are  forced 
together  due  to  the  pressure  of  wind  and  is 
formed  by  one  cake  overriding  another.  Rafted 
ice  has  well-defined  contours  and  when  ob- 
served, may  be  regarded  as  a  relatively  recent 
occurrence. 

RIDGED  ICE. -Ridging  is  associated  with 
first  year  ice.  It  is  another  form  of  deformed  ice 
in  the  form  of  a  ridge  or  many  ridges.  It  is 
usually  much  rougher  than  rafted  ice. 

HUMMOCKED  ICE.-Hummocking  is  associ- 
ated with  old  ice.  It  is  defined  as  ice  piled 
haphazardly  into  mounds  or  hillocks.  At  the 
time  of  formation,  hummocked  ice  is  similar  to 
rafted  ice,  except  that  the  former  requires  a 
greater  degree  of  pressure  and  heaping  than  the 
latter. 

Water  Features 

There  are  a  great  variety  t)f  water  features 
associated  with  sea  ice.  Some  of  the  most 
common  features  are  as  follows.  A  FRACTURE 
is  any  break  through  the  ice.  LEAD  is  a  long, 
narrow,  but  navigable  fracture  or  passageway  in 
sea  ice.  The  lead  could  be  open  or  refrozen. 


PUDDLE  is  a  depression  on  sea  ice  that  is 
usually  filled  with  melted  water  caused  by 
insolation  when  they  have  burnt  completely 
through  the  ice.  They  are  then  called  THAW 
holes.  POLYNYA  is  any  sizable  sea  water  area 
that  is  enclosed  by  sea  ice-simply  expressed,  a 
large  hole  in  the  ice. 

Size 

Generally,  sea  ice  is  categorized  into  seven 
different  sizes.  The  sizes  are  given  in  the 
following  section.  Refer  to  figure  16-15  for 
relative  sizes  and  a  comparison  to  other  fe-^Mres. 

ICEBERGS 

Icebergs  are  large  masses  of  floating  (or 
stranded)  ice  derived  from  the  fronts  of  glaciers, 
from  glacier  tongues,  or  from  the  shelf  ice  of  the 
Arctic/ Antarctic.  They  are  products  of  land,  and 
not  of  the  sea.  Their  structure,  and  to  some 
extent  their  appearance,  depends  upon  the 
source  from  which  they  are  derived.  Arctic  bergs 
originate  mainly  in  the  glaciers  of  Greenland, 
which  has90  percent  of  the  land  ice  of  the  north 
polar  region.  Arctic  bergs  are  irregular  in  form 
and  take  many  varied  shapes.  Most  common  are 
the  irregular  cone-shaped  bergs,  produced  by 
glaciers  that  have  plowed  across  the  uneven 
foreland  on  their  way  to  tidewater.  They  diffi^f 
entirely  from  the  flat-topped  straight-sided  bergs 
(tabular  bergs)  originating  where  the  ice  sheet 
itself  is  thrust  directly  out  to  sea.  (See  fig. 
16-16.) 

Irregular  icebergs  known  as  glacier  bergs  are 
often  accompanied  by  rams  which  are  a  protru- 
sion from  the  submerged  portion  of  the  iceberg. 
These  rams  can  be  a  great  hazard  to  vessels  that 
might  pass  close  to  an  iceberg. 

The  ratio  of  mass  of  the  submerged  portion  of 
a  berg  to  its  total  mass  is  equal  to  the  ratio  of 
the  specific  gravity  of  the  berg  to  the  water  in 
which  it  is  floating.  On  account  of  the  origin  of 
glacial  ice  in  compacted  snow,  berg  ice  contains 
up  to  10  percent  trapped  air  and  is,  therefore, 
somewhat  less  dense  than  ordinary  ice.  It  is 
often  erroneously  assumed  that  a  berg  that  is 
one-eighth  above  water  and  seven-eighths  sub- 
merged should  be  floating  with  a  draft  seven 
times  its  height  above  water.  These  ratios  hold 
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Figure  16-15.-Si2es  of  sea  ice. 
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GLACIER  BERG 


AG730 


Figure  16-16. -Types  of  icebergs. 


3od  only  for  mass,  and  not  for  linear  dimen- 
lons.  Actual  measurements  of  Arctic  bergs  show 
hat  the  draft  is  seldom  more  than  five  times  the 
exposed  height  for  the  blockiest  bergs  and  may 
)e  as  low  as  one  or  two  times  the  height  for  the 
pinnacled  and  irregular  types. 

BERGY  BITS  and  GROWLERS,  like  icebergs, 
originate  from  glaciers  or  are  formed  from  the 
disintegration  of  icebergs  and  other  masses  of 
land  ice.  A  BERGY  BIT  is  a  medium  sized 
fragment  of  glacier  ice  and  is  about  the  size  of  a 
small  cottage.  A  GROWLER  is  a  small  fragment 


of  ice  awash,  smaller  than  a  bergy  bit,  usually  of 
glacial  origin,  and  generally  greenish  in  color.  It 
is  about  the  size  of  a  grand  piano. 

MOVEMENT  OF  ICE 

Sea  ice,  other  than  fast  ice  (all  types  of  ice, 
either  broken  or  unbroken,  attached  to  the 
shore,  beached,  stranded  in  shoal  water,  or 
attached  to  the  bottom  of  shoal  areas),  in 
sheltered  bays  or  along  the  coast  is  continually 
in  motion  as  a  result  of  the  effects  of  wind,  tide. 
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and  current.  Although  this  motion  may  be  the 
same  tor  a  time  over  a  considerable  area,  there 
are  a  number  o(  taclors  tending  to  produce 
ditTerenlial  motion  of  adjacent  masses.  Cakes, 
tor  example,  vary  in  area  and  thickness,  so  that 
the  etTecl  of  wind  and  current  differs  on 
different  masses  of  ice.  Wind  and  current  are 
also  subject  to  continual  local  variations  wind 
from  the  usual  meteorological  causes,  and  cur- 
rent from  tidal  effects. 

The  swinging  or  turning  of  tlocs  is  due  to  the 
tendency  of  each  cake  to  trim  itself  to  the  wind 
when  the  pack  is  sufficiently  open  to  permit 
freedom  of  movement.  In  close  pack  (any  large 
area  of  floating  ice  driven  closely  together),  this 
tendency  may  be  produced  by  pressure  from 
another  floe;  but  since  tloes  continually  hinder 
each  other,  and  the  wind  may  not  be  constant  in 
direction,  even  greater  forces  result.  Thus,  wind 
produces  rotation  as  well  as  translation.  This 
screwing  or  shearing  effect  results  in  excessive 
pressure  at  the  jutting  corners  of  floes,  and 
forms  a  hummock  of  loose  ice  blocks.  Ice 
undergoing  such  movements  .'s  called  pressure 
ice  and  is  extremely  dangerous  to  vessels. 

In  its  motion,  the  ice  opens  and  shuts  like  an 
accordion:  a  number  of  leads  must  be  present, 
otherwise  the  ice  could  not  move.  In  summer 
these  leads  remain  open,  except  in  very  high 
latitudes,  but  in  winter  they  are  soon  frozen 
over  with  young  ice.  Swell  also  tends  to  break 
up  ice/as  well  as  the  vertical  movement  of  the 
tide  in  narrow  or  shallow  waters.  As  a  result  of 
these  factors,  the  ice  is  alternately  being  broken 
up,  even  throughout  the  winter,  and  subjected 
to  pressure.  The  onset  of  pressure  or  release  of 
pressure  may  happen  at  any  time  of  year,  even 
during  the  lowest  midwinter  temperatures. 

DRIFT  OF  ICE 

While  the  general  direction  of  the  drift  of 
icebergs  over  a  long  period  of  time  is  known,  it 
may  not  be  possible  to  predict  the  drift  of  an 
individual  berg  at  a  given  place  and  time,  for 
bergs  lying  close  together  have  been  observed  to 
move  in  different  directions.  They  move  under 
the  influence  of  the  prevailing  current  at  the 
depth  to  which  they  are  submerged,  which  often 
may  be  in  opposition  to  the  existing  wind  and 
sea  or  surface  drift. 


Pack  ice  drifts  with  the  wind  and  tide  usually 
to  the  left  of  the  true  wind  in  the  Southern 
Hemisphere  and  to  the  right  in  the  Northern 
Hemisphere.  The  speed  of  drift  may  not  depend 
entirely  upon  the  strength  of  the  wind,  since  it  is 
intluenced  greatly  by  the  presence  or  absence  of 
open  water  in  the  direction  of  the  drift,  even 
though  the  open  water  is  somewhat  distant. 

Neglecting  the  resistance  of  the  ice,  Ekman's 
theory  of  wind  drift  calls  for  the  ice  to  drift  45'' 
from  the  wind  direction.  Observations  show  that 
the  actual  drift  is  about  30^  from  the  wind 
direction  on  the  average,  or  very  nearly  parallel 
to  the  isobars  on  a  weather  map.  In  winter, 
when  the  ice  is  more  closely  packed  and  offers 
more  resistance,  its  drift  deviates  less  from  the 
wind  direction  than  in  summer,  and  tidal  influ- 
ences become  more  important. 

The  speed  of  drift  of  pack  ice  can  be  fairly 
closely  determined,  from  the  wind  speed.  Ob- 
served average  speeds  of  drift  of  ice  in  the 
Northern  Hemisphere  ranges  from  1.4  percent  of 
the  wind  speed  in  April  to  2.4  percent  of  the 
wind  speed  in  September. 

The  general  circulation  of  the  ice  of  the 
Arctic  Ocean  is  determined  by  the  direction  of 
the  ocean  currents,  which  are  the  result  of  two 
chief  factors:  the  circulation  of  tlie  atmosphere 
above  the  polar  basin  and  the  surrounding 
adjacent  seas,  and  the  influx  into  the  polar 
basin  of  water  of  oceanic  and  river  origin,  with  a 
compensatory  outflow  of  the  water  from  the 
polar  basin. 

BREAKUP  AND  MELTING  OF  iCE 
Heating  agents 

Ice  and  snow  are  evaporated  and  melted  by 
direct  absorption  of  radiation  and  by  conduc- 
tion of  heat  from  the  surrounding  air,  rocks,  or 
water.  The  ultimate  source  of  heat  energy  is  the 
sun  in  either  case,  but  the  relative  importance  of 
radiation  and  conduction  in  melting  ice  will  vary 
with  climatic  conditions  in  different  localities. 

In  the  case  of  the  longer  wave  lengths  m  the 
infrared  portion  of  the  spectrum,  which  makes 
up  slightly  over  half  the  total  radiant  energy 
received  from  the  sun,  the  proportions  reflected 
by  a  snow  surface  are  only  15  to  25  percent. 
The  proportions  reflected  by  ice  and  water  are 
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correspondingly  less,  and  suite  water  is  opaque 
to  infrared  radiation,  the  heat  absorption  by 
water  in  this  region  of  the  spectrum  is  concen- 
trated in  the  surface  layers  where  it  is  of  most 
significance  to  the  melting  of  ice.  It  is  obvious, 
therefore,  that  a  surface  interrupted  with  areas 
of  water,  either  leads  between  tloes  or  pools  of 
melted  water  accumulating  on  top,  will  absorb 
much  more  radiant  heat  than  a  continuous  ice  or 
snow  surface.  Once  disintegration  of  an  ice  sheet 
has  proceeded  to  the  point  where  free  water 
surfaces  appear,  the  rate  of  further  disintegra- 
tion is  accelerated. 

Evaporation 

The  absorption  of  heat  by  ice  or  snow  results 
in  either  evaporation  or  melting.  Melting  takes 
place  as  soon  as  the  temperature  of  any  superfi- 
cial layer  of  the  ice  surface  is  raised  above  the 
freezing  point,  but  evaporation  may  occur  at 
any  temperature.  Under  still  air  conditions,  the 
layer  of  air  nearest  the  ice  will  soon  become 
saturated  with  water  vapor.  Evaporation  there- 
fore depends  on  the  diffusion  of  water  vapor 
from  the  surface  and  generally  proceeds  at  a 
relatively  slow  rate.  Air  currents  tend  to  increase 
the  rate  of  evaporation  by  inducing  turbulent 
mixing  of  the  layers  of  air  near  the  ice  and  by 
bringing  new  unsaturated  air  masses  from  drier 
regions.  Under  conditions  of  low  relative  humid- 
ity, brisk  wind  may  therefore  result  in  ablation 
(removal  for  cause)  of  large  quantities  of  ice  and 
snow  even  though  the  air  temperature  never 
reaches  the  melting  point  and  no  melting  occurs. 

Melting 

Melting  of  ice  takes  place  mostly  at  the 
expen.se  of  the  heat  of  the  surrounding  water. 
This  heat  may  have  been  ab.sorbed  from  solar 
radiation  in  the  vicinity  or  provided  by  currents 
originating  in  warmer  latitudes.  Melting  also 
results  from  direct  ab.sorption  of  radiation  by 
the  ice  and  from  contact  with  warm  air.  Ice  will 
condense  dew  from  warm,  moist  air  on  its 
surface,  and  each  increment  of  moisture  so 
condensed  will  melt  several  times  its  weight  of 
ice  in  the  ratio  of  the  latent  heat  of  evaporation 
to  the  heat  of  fusion. 


Another  factor  tending  to  accelerate  the  rate 
of  icc  melting  from  solar  radiation,  once  it  has 
started,  is  the  increa.sed  stability  of  the  surface 
layers  of  the  sea  brought  about  by  the  freshen- 
ing effect  of  the  melt  water.  Mixing  between  the 
surface  and  deeper  layers,  already  diminished  by 
the  wave-damping  action  of  floating  ice.  is 
further  decreased  by  the  formation  of  a  surface 
stratum  of  relatively  low  density.  In  regioiTs 
where  the  spring  melting  of  ice  is  brought  about 
chiefly  by  atmospheric  transfer  of  heat  from 
lower  altitudes,  and  where  local  fogs  restrict  the 
solar  radiation  reaching  the  ice  and  sea  surface, 
the  fresh  surface  layers  of  sea  water  may  become 
greatly  chilled,  and  the  rate  of  melting  is 
reduced.  Here,  vertical  exchange  of  water  caused 
by  wind.  sea.  current  and  tides  contribute  heat 
to  the  upper  layers  and  expedite  clearing  of  ice. 

Stages  of  Disintegration 

In  spring,  as  the  duration  of  daylight  begins  to 
increase  and  the  mean  air  temperature  at  the  sea 
surface  rises,  the  snow  cover  of  the  sea  ice  and 
the  top  'ayers  of  the  ice  begin  to  thaw.  Under 
conditions  of  low  humidity,  most  loss  on  the 
upper  surface  of  the  ice  takes  place  through 
evaporation  imperceptible  to  the  ordinary  ob- 
server. Where  humidity  is  higher,  pools  of  dew 
and  melt  water  form  on  the  surface.  This  fresh 
water,  running  down  through  cracks  and  holes  in 
the  ice.  freezes  again  on  contact  with  the  cold 
sea  water,  thus  sealing  the  openings.  However, 
when  cracks  extend  only  part  of  the  way 
through  the  ice.  they  are  widened  by  the 
expansion  of  this  water  freezing  in  them;  and 
even  though  plugged  at  the  top,  they  will  now 
extend  through  to  the  water.  On  further  rising 
of  the  air  temperatures  and  melting  of  the 
.surface,  these  cracks  open  up  again,  and  fresh 
water  in  a  layer  as  much  as  to  2  to  3  feet  thick 
ilows  under  the  ice. 

Decay  of  the  pack  is  accelerated  by  mechani- 
cal attrition  from  the  swell.  The  physical  erosion 
of  the  tloes  produces  scaling,  resulting  in  the 
formation  of  a  quantity  of  small  blocks  and 
brash.  The  scaling  process  enables  the  sea  to 
leach  more  extensive  areas  of  ice  where  the 
reduction  to  finer  and  smaller  particles  takes 
place. 
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The  final  stages  of  melting  vary  with  the  type 
of  ice.  Ice  of  one  winter's  growth  melts  readily 
in  low  latitudes,  if  brine  is  still  present.  The 
internal  melting  due  to  variation  in  the  sah 
content  produces  a  honeycombed  appearance 
with  a  nuieh  greater  surface  area.  Since  the  rate 
of  heat  absorption  through  conduction  is  pro- 
portional to  the  area  exposed,  the  rotien  ice  so 
formed  quickly  disappears.  Fresher  and  hum- 
mocky  ice  is  longer  lived.  The  old  floes  are 
heavily  undercut  at  the  waterline,  but  honey- 
combing is  rare,  owing  to  the  absence  of  salt. 
The  years-old  hummocks  of  the  Arctic  pack, 
having  a  homogeneous  structure  of  nearly  salt- 
tree  ice.  and  having  a  minimum  of  exposed 
surface  in  proportion  to  their  bulk,  survive  the 
longest  in  warmer  waters. 

Breakup  on  rivers  usually  occurs  3  or  4  weeks 
after  the  mean  air  temperature  has  risen  above 
32''F.  Ice  on  lakes  breaks  up  2  or  3  weeks  later, 
and  sea  ice  may  break  up  at  about  the  same 
time.  The  breakup  on  the  rivers  is  both  a  rapid 
and  violent  event.  The  force  of  the  water 
flooding  down  the  channels  tears  up  the  ice  and 
drives  it  seaward  at  a  rate  of  around  4  knots. 
Bends  or  constrictions  in  the  channel  cause 
temporary  piling  up  of  the  ice  with  the  result 
that  the  water  and  the  blocks  flood  the  valleys 
until  pressure  breaks  the  ice  barriers.  In  a  week 
or  less,  the  entire  river  rids  itself  of  ice.  River 
levels  rise  tremendously  during  the  breakup, 
reaching  heights  of  70  feet  or  more  over  the 
winter  levels. 

EFFECT  OF  ICE  ON 
NAVAL  OPERATIONS 

This  discussion  is  tailored  to  the  requirements 
for  Arctic  operations,  since  we  are  primarily 
concerned  with  the  effect  ice  has  on  resupply  of 
Arctic  bases  and  the  feasibility  of  subsurface 
operations  in  the  Arctic 

As  has  been  pointed  out  previously  in  this 
chapter,  bases  have  been  established  and  they 
must  be  resupplied.  This  occurs  mostly  during 
the  summer  months  of  June,  July,  and  August. 
Operations  into  the  Arctic  regions  must  be 
thoroughly  planned  and  prepared  in  advance  to 
insure  their  success.  A  knowledge  of  some  of  the 
requirements  will  aid  you  in  assisting  in  these 


plans  and  preparations.  You  are  primarily  con- 
cerned with  furnishing  information  as  to  the 
structure  dissipation,  movement,  and  breakup  of 
the  ice. 

Before  operations  are  undertaken  in  the 
Arctic,  elaborate  planning  such  as  in  any  naval 
operation,  is  done  in  great  detail.  In  the  Naviga- 
tion and  Meteorology  Annex  to  a  standard 
Arctic  opei-ation  plan,  pertinent  information 
should  be  outlined  on  the  navigable  sea  ice  areas 
as  well  as  instructions  for  determining  and 
forecasting  movements  on  the  area  of  operation. 

From  your  knowledge  gained  through  the 
study  of  sea  ice  in  this  chapter,  and  through 
further  study  of  available  publications,  you  can 
readily  see  how  the  meteorological  office  can  be 
of  invaluable  assistance  in  planning  a  successlul 
operation  into  the  Arctic  regions.  To  accomplish 
this  task  you  must  be  aware  of  and  alert  for  sea 
conditions  which  could  favorably  or  adversely 
affect  the  operation. 

OPTIMUM  TRACK  SHIP  ROUTING  (OTSR) 

The  international  steamer  tracks  in  use  today 
are  modifications  of  routes  laid  out  by  LT 
Matthew  Fontaine  Maury,  USN  (1850).  Among 
other  things,  these  routes  were  designed  to 
optimize  steaming  distance  and  reduce  the  prob- 
ability of  encountering  delaying  or  damaging 
storm  conditions. 

In  earlier  years,  the  climatological  or  statisti- 
cal approach  was  the  best  method  available  to 
mariners  for  prevoyage  route  deternn'nation. 
Although  this  method  avoids  areas  of  known 
high  frequency  of  storms,  blind  adherence  fre- 
quently results  in  low  efficiency.  Conditions  far 
from  average  may  exist  along  a  seasonal  route, 
or  portion  thereof,  such  that  an  out-of-season 
track  is  often  a  much  better  route. 

Today  a  thoroughly  tested  ship  routing  serv- 
ice, based  upon  considerations  of  extended 
weather  forecasts,  is  now  available.  To  date,  the 
Navy  Oceanographic  Office,  which  developed 
the  program,  the  Fleet  Weather  Central  at 
Norfolk,  Virginia,  and  the  Fleet  Weather  Central 
at  Alameda.  California,  have  successfully  under- 
taken hundreds  of  routings. 
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BASIC  PRINCIPLES 
AND  OBJECTIVES 

Optimuni  Track  Ship  Routing  (OTSR)  is  an 
advisory  .service  which  provides  recoiii mended 
ship  tracks  to  minimize  time  enroiite  and  to 
reduce  storm  damage  to  ships  and  cargo  while  at 
the  same  time  considering  any  special  require- 
ments of  the  ship.  Tlie  procedure  can  be  tailored 
to  assist  in  accomplishing  any  mission  with  a 
higher  degree  ofefnciency  on  an  average. 

In  essence  the  program  utilizes  an  effective 
system  of  long  range  forecasting  to  predict  the 
fastest  and  safest  port-to-port  route  for  trans- 
oceanic voyages.  This  system  does  not  promise 
smooth  seas,  sunny  skies,  and  light  winds,  but 
rather  the  high  probability  of  sailing  the  most 
rapid  obtainable  route  with  safety  features 
unobtainable  on  nonrouted  voyages. 

The  OTSR  service  is  normally  of  significant 
benefit  only  for  voyages  where  the  distance 
from  port-to-port  exceeds  1500  miles  and  there 
is  a  choice  of  routes.  A  route  in  which  geog- 
raphy dictates  the  track  would  not  lend  itself  to 
OTSR. 

The  program  can  be  broken  down  into  three 
phases;  route  selection,  surveillance,  and  sum- 
mary. 

Route  Selection 

When  a  Naval  Weather  Service  unit  having 
responsibility  for  providing  OTSR  service  re- 
ceives a  request  for  a  route,  sophisticated  tech- 
niques are  applied  to  all  available  data.  Weather 
prognoses,  sea  condition  prognoses,  ocean  cur- 
rent data,  ship  and  cargo  characteristics,  etc..  are 
all  utilized  to  determine  the  recommended 
route. 

When  the  route  has  been  selected  and  tested, 
it  IS  sent  by  dispatch  directly  to  the  ship, 
arriving  from  24  to  48  hours  before  departure. 

Surveillance 

From  this  point  on,  a  continuous  watch  is 
kept  on  changing  conditions  which  might  affect 
the  recommended  route.  The  individual  atten- 
tion rendered  to  eacli  ship  while  underway  is 


one  of  the  most  Important  aspects  of  the 
program.  Each  day  the  routed  ship  sends  a  brief 
message  which  includes  the  position,  course, 
speed,  wind,  and  sea  conditions.  Wlien  weather 
deviations  from  the  original  forecast  are  de- 
tected, the  ship's  route  can  be  modified  to  avoid 
undesirable  weather  conditions.  Diversions  to 
the  original  route  are  not  tlie  rule  but  do  occur, 
particularly  in  winter,  especially  in  regions 
where  changes  in  pressure  patterns  are  apt  to  be 
sudden  and  of  considerable  magnitude.  The 
number  of  recommended  diversions  is  surpris- 
ingly small.  To  date,  the  average  is  one  per 
voyage  with  a  maximum  of  three. 

Upon  completion  of  a  voyage,  a  voyage 
summary  memorandum  is  sent  to  the  weather 
service  which  provided  the  routing  service.  This 
report  indicates  position  of  ship.  sea.  swell,  and 
wind  conditions:  and  ship's  heading  and  speed  at 
specific  times.  This  summary  provides  a  means 
for  determining  the  effect  of  wind  and  sea 
conditions  on  the  sailing  and  for  continuing 
development  of  ship  routing  techniques  and 
evaluation  of  the  program. 

NAVAL  WEATHER  SERVICE 
RESPONSIBILITIES 

Optimum  Track  Ship  Routing  services  are 
available  for  all  U.S.  Navy  ships  in  accordance 
with  established  criteria.  The  Fieet  Numerical 
Weather  Facility  at  Monterey  provides  this 
service  for  the  entire  Pacific  Ocean  while  the 
Fleet  Weather  Central  provides  service  for  the 
Atlantic  Ocean.  Additional  information  is  avail- 
able in  NAVWEASERVCOMINST  3140.1 
(Series). 

BENEFICIAL  RESULTS 

The  chief  benefits  of  this  service  are  to  allow 
for  a  minimum  time  en  route  which  affords  a 
savings  of  fuel  oil.  increased  passenger  comfort, 
the  reduction  of  damage  to  the  ship  or  cargo, 
and  the  avoidance  of  rough  seas  and  severe 
storm  areas  consistent  with  time  requirements. 
You  can  readily  see  that  a  program  of  this  type 
would  also  be  beneficial  to  commercial  vessels. 
Time  on  conniiercial  ocean  vessels  is  money,  in 
term  of  salaries,  fuel  maintenance,  etc. 
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CHAPTER  17 


MAINTENANCE  OF  METEOROLOGICAL 
EQUIPMENT 


Accurate  environmental  observations  are  the 
basis  for  accurate  forecasts.  Without  properly 
functioning  observational  equipment  for  gather- 
ing environmental  data  the  accuracy  of  the 
observation  is  invariably  going  to  become  ques- 
tionable. This  means  that  the  instruments  in- 
volved must  be  maintained  in  the  best  possible 
operating  condition  at  all  times. 

Aerographer's  Mates  first  class  and  chief  are 
expected  to  perform  operator's  tests,  calibra-^ 
tions  and  adjustments  to  meteorological  equip- 
ment exckiding  electronic  components.  They  are 
also  expected  to  inspect  work  areas  for  potent- 
ially hazardous  conditions  and  practices;  and 
interpret  directives  and  instructions  on  safety 
precautions  applicable  to  work  areas  and  equip- 
ment \yithin  their  area  of  responsibility. 

This  chapter  will  be  confined  to  information 
pertaining  to  the  above  stated  qualifications. 
Information  pertaining  to  description,  purpose, 
and  operating  instructions  for  meteorological 
equipments  may  be  found  in  AG  3  &  2,  NavTra 
10363-D  or  the  appropriate  instrument  techni- 
cal manuals. 

MAINTENANCE  PROCEDURES 

At  the  present  time  a  few  meteorological 
equipments  are  maintained  under  the  Navy 
Maintenance  and  Material  Management  System 
(3M  System).  Information  pertaining  to  the  3M 
System  may  be  found  in  the  latest  revision  to 
PO  3  &  2  and  PO  1  &  C  training  manuals  or  by 
reference  to  the  Standard  Navy  Maintenance  and 
Material  Management  System  Manual,  OpNav 
43P2. 


LOCAL  MAINTENANCE  PROGRAM 

The  maintenance  support  of  meteorological 
equipments  is  normally  the  responsibility  of  the 
host  or  local  command.  Separate  NavAir  instruc- 
tions delineate  the  maintenance  responsibility 
for  meteorological  equipment  installed  in  air- 
craft. Operator's  preventive  maintenance  is  the 
responsibility  of  the  Aerographer's  Mate. 

Preventive  maintenance  is  the  systematic  care 
and  inspection  of  all  meteorological  material  for 
the  purpose  of  retaining  it  in  serviceable  condi- 
tion. By  detecting  and  correcting  minor  incipi- 
ent failures  before  they  develop  into  major 
defects  or  malfunctions,  the  operational  service 
life  of  any  piece  of  equipment  can  be  extended 
considerably.  Preventive  maintenance  on  elec- 
tronic equipment  must  be  accomplished  by 
permanently  assigned  qualified  technical  person- 
nel who  are  thoroughly  familiar  with  the  opera- 
tional characteristics  of  the  equipment.  The 
procedure  for  adequate  preventive  maintenance 
checks  is  described  in  the  Maintenance  instruc- 
tion Manual  for  each  of  the  complex  equipment. 
Strict  adherence  to  this  procedure  is  necessary 
for  the  peak  performance  of  the  equipment. 
Figure  17-1  illustrates  a  sample  daily  preventive 
maintenance  schedule. 

A  modification  of  this  schedule  is  presented 
in  chapter  18.  Similar  schedules  for  weekly, 
semi-monthly,  monthly,  quarterly  and  annual 
checks  should  be  prepared  on  each  piece  of 
appropriate  equipment. 

A  maintenance  log  should  be  maintained  for 
each  piece  of  meteorological  equipment,  especi- 
ally items  of  complex  equipment.  Time  and  date 


ERIC 


590 

5S6 


Chapter  17-MAlNTENANCE  OF  METEOROLOGICAL  BQUIPMKNT 


DAILY  PREVENTIVE  MAINTENANCE  SCHEDULE 
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Figure  17-1.— Sample  preventive  maintenance  schedule. 


of  emergency,  routine,  tuut/or  preventive 
maintenance  should  be  logged  along  with  the 
parts  replaced.  Cause  of  outages  and  the  remedy 
therefore  should  be  noted. 


METEOROLOGICAL  AND  OCEANOGRAPKIC 
EQUIPMENT  PROGRAM  (MOEP) 


The  Meteorological  and  Oceanographic  Equip- 
ment Program  (MOEP)  was  established  to  insure 
that  meteorological  and  oceanographic  equip- 
ment i>  installed,  operated,  and  maintained  in 
the  most  effective,  reliable,  accurate,  and  eco- 
nomical manner.  The  program  is  staffed  by 
specially  trained,expcrienced  officers  designated 
as  Meteorological  and  Oceanographic  Equipment 
Technical  Liaison  Officers  (MOETLO's).  Addi- 
tional personnel  include  a  select  group  of  civilian 
engineers  and  military  technicians.  These  person- 
nel, military  and  civilian,  provide  fleet  and 
shore-based    commands   with   the  specialized 


assistance  required  in  connection  with  mctLuro- 
logical  equipment. 

The  administration,  organi/.ati  .  and  areas  of 
responsibility  are  outlined  in  the  U.S.  Navy 
Meteorological  and  Oceanographic  Support  Man- 
ual, NavWeaServComlnst  3  140. 1  (  ). 

All  ships,  stations,  and  Marine  Corps  Aviation 
Field  Activities  concerned  with  the  installation, 
operation,  maintenance  and  rework  of  assigned 
meteorological  and  oceiinographic  equipment 
are  expected  to  utilize  the  services  of  MOEP 
personnel.  The  service  provided  will  be  in  the 
form  of  assistance  in  solving  meteorological  and 
oceanographic  equipment  problems  beyond  the 
capability  of  local  maintenance  personnel. 

The  ship  or  station  should  arrange  for  local 
maintenance  personnel  to  be  present  for  on-the 
job  training  and  to  assist  MOEP  personnel  dunn;^ 
their  visits.  Whenever  possible  they  should  uti- 
lize the  informal  shop-classroom  technician 
training  offered  at  MOEP  activities  as  listed  in 
the  support  manual,  NavWcaScTvConilnst  ^1  lOAi  )• 
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The  ship  or  station  will  also  be  required  to 
maintain  maintenance  records  on  assigned  me- 
teorological and  oceanographic  equipment. 

Requests  for  Assistance 

Commanding  otTicers  are  requested  to  indi- 
cate their  requirements  for  planning,  installa- 
tion, and/or  technical  assistance  whenever  the 
need  arises  to  the  appropriate  activity.  All 
requests  must  include  the  following  informa- 
tion: 

I.  Name  and  exact  location  of  the  activity  to 
which  the  engineer  is  to  report  (for  ships, 
inclusive  dates  of  availability  at  a  specific  loca- 
tion). 

2  Type  and  model  of  equipment  on  which 
assistance  is  required. 

3  Nature  of  technical  difficulty  and  availabil- 
ity of  spare  parts  if  required. 

Spare  Parts 

The  NavSup  Manual  charges  supply  officers 
with  the  responsibility  for  stocking  spare  parts 
listed  as  allowance  items  in  the  NavAir 
OO-35QL-40/50/60  Initial  Outfitting  L  ist  series. 
Parts  of  a  consumable  nature  listed  in  NavAir 
Allowance  List  00-35QL-22  are  still  issued  di- 
rectly 10  meteorological  units,  upon  receipt,  by 
(he  supply  officer.  Meteorological  units  afioat 
and  ashore  arc  urged  to  avail  themselves  of  this 
concept  by  initiating  action  to  have  spare  parts 
Slocked  in  local  supply  to  the  extent  allowed  by 
the  allowance  list. 

MAINTENANCE  MANUALS 

Throughout  the  next  three  chapters,  reference 
is  made  to  consult  the  appropriate  technical 
manual  for  more  complete  details  on  operation, 
$er\'icc,  and  maintenance  of  the  equipment 
mentioned.  Such  manuals  will  be  listed  in  one  of 
two  places  the  Navy  Stock  List  of  Forms  and 
Publications,  Cognizance  Symbol  1,  Section 
VIII.  Part  C,  NavSup  Publication  2002,  or  in 
NavAir  00-500A,  Naval  Aeronautic  Publications 
Index,  Equipment  Applicability  List. 

NavSup  2002,  SEction  VIII,  Part  C,  contains 
a  complete  numerical  listing  of  all  available  naval 


aeronautic  manuals  distributed  by  NavSup  and 
stocked  for  issue  as  of  the  date  of  publication. 
All  manuals  are  listed  by  both  code  nuniberand 
title. 

These  publications  stock  lists  are  supple- 
mented bimonthly.  Each  supplement  contains  a 
listing  of  publications  distributed  or  canceled 
since  the  issue  date  of  the  stock  lists. 

In  NavAir  00-500A,  all  maintenance  manuals 
for  meteorological  equipment  are  listed  in  alpha- 
numerical  order  under  the  heading  '*Meteor- 
ology  Instruments," 

Publications  Numbering  System 

Coded  numbers  are  assigned  to  publications 
issued  by  NavAir  to  orderly  divide  this  material 
into  proper  subject  categories.  Knowledge  of 
these  subheadings  will  more  readily  enable  the 
user  to  determine  the  desired  information  m  the 
minimum  amount  of  time.  A  brief  explanation 
of  the  publications  numbering  system  is  given  in 
the  following  paragraphs. 

For  manual  type  publications  Uie  number 
consists  of  a  prefix  and  a  series  of  three  parts. 
The  prefix  consists  of  lerters  which  idenMfy 
aeronautic  publications  under  the  cognizance  of 
NavAir. 

The  prefix  may  consist  of  any  of  the  fol- 
lowing: 

L  NavAir -This  prefix  is  assigned  to  those 
technical  publications  originated  by  the  Naval 
Air  Systems  Command,  In  the  stock  list,  it  is 
shortened  to  NA, 

2,  NavAer-This  is  the  prefix  assigned  to  the 
old  Bureau  of  Aeronautics  m:Muals  that  are  still 
in  effect.  To  conserve  space  in  stock  lists  it  has 
been  shortened  to  NA, 

3,  NavWeps-This  prefix  is  assigned  to  techni- 
cal publications  originated  by  the  now  abolished 
Bureau  of  Naval  Weapons,  it  is  abbreviated  NW. 

4,  AN -This  prefix  was  previously  assigned  to 
manuals  used  by  the  Navy  and  the  Air  Force 
when  such  were  prepared  to  coordinated  mili- 
tary specifications.  It  is  no  longer  used  on  new 
publications,  but  the  ones  in  issue  remain  in 
effect. 

5,  TO-This  is  the  prefix  assigned  to  an  Air 
Force  originated  technical  publication. 
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6.  CO  This  \va;  previously  used  lodesignalc 
a  technical  publieation  with  a  Confidciilial 
security-classificalion.  h  is  no  longer  assigned  lo 
new  maleriaK  but  remains  in  elTecl  for  existing 
publications  until  superseded, 

7.  TM  -This  is  the  prefix  assigned  to  an  Army 
originated  teehnieal  manual. 

The  three  parts  which  make  up  the  remaining 
portion  of  the  number  are  utilized  to  indicate 
the  following: 

Part  I.  This  consists  of  numbers  to  identify 
the  general  subject  series  with  the  basic  subject 
to  which  they  pertain. 

Part  IL  This  consists  of  numbers  and/or 
numbers  and  letters  to  designate  the  specific 
class,  group,  type,  or  model  and  manufacturer  of 
the  equipment.  The  subject  breakdowns  for  this 
part  are  found  listed  lu  the  beginning  of  each 
separate  major  division  within  the  stock  list. 

Part  HI.  This  consists  of  numbers  to  designate 
a  specific  publication.  For  airframes  and  engines 
this  part  designates  a  specific  type  of  publica- 
tion. For  other  types  of  equipment  this  part  is 
"assigned  in  numerical  sequence  and  has  no 
reference  to  the  type  of  publication. 

Meteorological  publications  are  found  in  the 
50  series  and  meteorological  instruments  gener- 
ally in  the  50-30  series,  with  some  in  the  16-30. 
1 6-35 ,  and  1 6-45  series. 

Operation  and  Service 
'  Instructions  Manual 

This  manual  gives  the  operation  and  service 
instructions  for  the  particular  item  covered.  Also 
included  aie  instructions  for  installation,  service, 
inspection,  maintenance,  and  lubrication. 

Overhaul  Instructions  Manual 

This  manual  contains  instructions  for  com- 
plete overhaul  of  the  instrument  or  equipment 
as  performed  by  the  major  repair  facilities. 

Illustrated  Parts  Breakdown 

This  is  actually  a  parts  catalog  which  lists  all 
of  the  parts  of  the  complete  equipment.  It  is 


designed  to  enable  maintenance  pcisonncl  to 
identify  and  order  replacement  parts  foi  the 
model  of  cquipmeat  covered  by  the  publication. 
!t  contains  a  GROUP  ASSIiMBLY  PARTS  LLST 
and  a  NUMHRICAL  PARTS  LIST. 

To  find  a  part  when  the  name  of  the  part  is 
known,  turn  to  the  table  of  contents,  lind  (he 
name  of  the  part,  and  turn  lo  the  page  indicated. 

Meteorological  Equipinen  l 
Maintenance  Manuals 

These  manuals  are  currently  being  wniien  b> 
the  Naval  Aviation  Kiigineering  Service  Unit 
(NAIiSU)  for  certain  meteorologica!  electronic 
and  electro-mechanical  equipments  in  use  oi 
under  procurement  by  the  Naval  Air  S\ stems 
Command.  They  are  written  foi  the  Ar/LT2 
level  and  covei  intermediate  type  niaiiitcn,n]cc 
procedures.  (Iniermcuiate  type  maintenance  is 
component  repair  nia»ntenance.)  Several  have 
been  written  and  issued  at  the  time  of  this 
writing.  Simple  operator  maintciiauLC  procc 
dures  for  AG  personnel  are  also  included. 

TEMPERATURE  INSTRUMENTS 

Thermometers  are  not  repairable  items  but 
require  certain  maintenance  services  to  maintain 
a^^Luracy  and  ease  of  reading,  flie  most  effective 
maintenance  is  careful  handling.  TlicrnionKtcrs 
and  psyclirometers  are  delicate,  precision  instru- 
ments and  must  be  protected  from  shocks  and 
jars. 

VISUAL  CHECKS 

Visual  checks  are  made  to  note  any  defects  in 
the  tliermoineter  or  in  the  metal  kick  upon 
which  it  is  mounted.  Be  especially  careful  lo 
note  at  the  time  of  each  observation,  whether 
any  dirt,  moisture,  or  any  other  foreign  matter  is 
present  on  the  thermometer  bulb  or  lube:  and 
whether  any  .separations  exist  in  the  lluid 
column. 

REPLACEMENT 

If  a  thermometer  is  found  to  be  inaecurate,  it 
must  be  replaced  with  one  that  is  known  to  be 
accurate. 
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l"or  care  and  maintenance  of  the  tliernionie- 
ters.  see  NA  50-30FR-5I8,  Operation  and  Main- 
tenance Instructions, 

TOWNSEND  SUPPORT  (ML-54) 

Lubrication 

Once  each  month,  place  one  or  two  drops  of 
MlL-O-6085  oil  in  the  oilhole  in  the  maximum 
thermometer  holder.  Do  not  overhibricate. 

HUMIDITY  INSTRUMENTS 

The  humiditv  instruments  discussed  in  this 
section  are  the  sling  and  electric  psychrometers. 
They  are  delicate,  precision  instruments  and 
should  be  treated  as  such. 

CARE  OF  PSYCHROMETERS 

The  wick  on  the  psychrometer  wet  bulb 
should  be  replaced  at  least  once  a  month,  and 
more  often  when  local  atmospheric  conditions 
cause  a  rapid  collection  of  dirt  and  foreign 
matter  on  the  wick.  Psychrometers  used  on 
board  ship  collect  salt  very  rapidly,  and  daily 
replacement  of  the  wick  may  be  necessary  to 
obtain  accurate  readings. 

The  metal  back  upon  which  the  thermometers 
are  mounted  should  be  cleaned  at  least  once 
every  3  months,  or  more  often  if  necessary, 
lixcess  lubricant,  dirt,  and  other  foreign  matter 
should  be  removed  from  the  psychrometer  sling 
assembly  at  least  once  a  month. 

Once  each  month,  place  one  or  two  drops  of 
MlL-O-6085  oil  on  the  sling  psychrometer 
swivel  link.  Do  not  overhibricate. 

ELECTRIC  PSYCHROMETER 
ML450A/UM 

Although  the  electric  psychrometer  is  con- 
structed primarily  of  noiicorrodiblc  materials, 
prolonged  exposure  to  weathering,  salt  air,  stack 
gases,  and  other  corrosive  elements  will  shorten 
the  useful  life  of  the  instrument.  The  instrument 
should,  therefore,  be  sheltered  when  not  in 
actual  use.  Whenever  the  electric  psychrometer 
is  to  be  stored  or  used  infrequently  the  batteries 
should  be  removed  to  prevent  corrosion. 


INSPECTION 

Inspect  for  crack,s  or  breaks  in  the  plastic 
parts.  Inspect  threaded  holes  and  screws  for 
wear.  Inspect  the  fan  for  damage.  Inspect  the 
tliernionietcrs  for  cracks  and  separated  mercury 
columns.  Inspect  the  carrying  case  for  damage. 
Inspect  the  motor  shaft  for  smoothness  of 
rotation.  For  troubles,  probable  causes,  and 
remedies,  refer  to  the  technical  manual. 

Repairs  or  Replacement 

All  plastic  parts  that  are  broken,  cracked,  or 
have  nii,ssing  or  damaged  threaded  inserts  ^llould 
be  replaced.  Damaged  screws  should  be  replaced. 
If  the  motor  ^liaft  does  not  turn  freely  or  if  the 
fan  is  damaged,  the  motor  and  fan  assembly 
should  be  replaced.  If  the  contacts  on  the 
contact  block  do  not  contact  the  motor  termi- 
nals correctly,  they  should  be  carefully  bent  ,so 
that  good  electrical  contact  is  insured.  If  one 
thermometer  is  broken,  both  thermometers 
must  be  replaced  with  a  new  matched  set  (two 
thermometers  which  read  the  ,sanie  without 
wicking  attached).  A  carrying  case  that  is  dam- 
aged beyond  use  should  be  replaced,  ' 

TESTS 

To  rest  the  instrument,  first  install  fresh 
battery  cells.  Then  turn  the  control  knob  on  the 
rheostat-switch  in  a  clockwise  direction.  The 
motor  ,shoiild  run.  causing  the  fan  to  draw  air 
into  the  sliding  air  intake  and  force  it  out  of  the 
exhaust  ports.  If  this  does  not  happen,  the 
battery  cells  are  improperly  installed.  Proper 
insiaiiation  ol  the  battery  cells  should  correct 
the  trouble. 

As  the  control  knob  is  turned  in  the  clockwise 
direction,  illumination  ,should  increase.  If  it  does 
not.  check  tlie  rheostat-switch  and  lamp.  If 
either  is  defective,  replace  it. 

PRESSURE  INSTRUMENTS 

MARINE  BAROGRAPH 
Maintenance 

Use  a  damp  cloth  to  clean  the  plastic  sheet 
window  in  the  case.  Do  not  use  a  solvent  cleaner 
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or  a  dry  Lloth,  as  either  can  damage  the  plastic 
pane.  Very  little  other  inaiiiteiiaiice  is  required. 
Under  norma!  operating  conditions  this  instr.i- 
nienl  should  be  cleaned  well  once  a  year.  The 
clement  cover  should  be  removed  only  to  clean 
out  any  bulky  din.  cobwebs,  etc.  Do  not  wipe 
out  this  mechanism.  Check  the  pen  for  wear  or 
roughness  and  replace  as  necessary. 

The  chart  drive  mechanism  should  be  cleaned 
and  oiled  annually.  This  oiling  should  not  be 
attempted  by  personnel  unless  they  are  properly 
instructed  in  doing  it. 

Tor  other  troubles  and  remedies  with  this 
piece  of  equipment,  consult  the  appropriate 
NavAir  technical  manual. 

FORTIN  BAROMETER 

Maintenance 

Only  minor  repairs  should  ever  be  attempted 
by  meteorological  personnel.  Mercury  leakage, 
broken  tubes,  damaged  instruments,  or  other 
laults  that  alTect  the  accuracy  of  the  readings 
are  cause  lor  imnicdiate  survey  and  replacement 
of  the  instrument. 

The  following  minor  repairs  may  be  made 
locally  as  long  as  no  damage  has  occurred  that 
will  otherwise  alTecl  the  accuracy  of  the  instru- 
ment. 

BROKHN  TlIIiRMOMirrER.  Remove  the 
plate  that  holds  the  attached  thermometer.  Take 
out  the  broken  stem  by  removing  the  two  small 
screws  in  the  bracken  at  the  top  of  the  stem. 
Insert  a  new  thermometer  with  the  bulb  project- 
ing inside  the  barometer  case.  Replace  the 
screws  and  the  plate. 

BROK  I:N  CYLINDRICAL  GUARD 
GLASS.  The  guard  glass  may  be  replaced  unless 
the  .»cales  have  been  displaced  or  injured.  Re- 
move the  four  screws  holding  the  top  fitting. 
Remove  broken  glass  and  carefully  replace, 
taking  care  not  to  disturb  scale  settings.  Any 
slight  jar  might  displace  the  scale  settings  and 
introduce  a  constant  error  in  readings.  Replace 
the  top  fitting,  making  sure  the  cork  support  for 
the  top  of  the  tube  is  correctly  placed. 

CLEANING.  The  cleaning  of  thib  in.strument 
is  restricted  to  wiping  the  ca.se  and  external 


.surfaces  of  the  barometer  regularly  with  a  ^lean, 
lint-free  cloth,  lightly  dampened  with  watei. 
Occasionally,  the  .scales  may  be  wiped  clean  and 
a  thin  coal  of  high  grade  dock  oil  applied. 

Preparation  for  Rcshipment 

When  a  Fortin  barometer  is  to  be  moved  over 
a  considerable  distance,  it  is  necessary  to  trans- 
port the  instrument  in  an  mclmed  or  inverted 
position,  cistern  uppermost. 

An  adjusting  screw  is  provided  beneath  the 
barometer  cistern  for  the  purpose  of  raising  the 
mercury  during  the  process  of  inverting  the 
barometer  for  shipment.  The  procedure  to  be 
followed  during  the  inverting  process  is  of 
critical  importance  and  must  be  followed  ex- 
actly to  avoid  damage  to  either  the  leather  bag 
in  the  cistern  or  the  glass  tube.  Refer  to  the 
technical  manual  for  specific  instructions  and 
precautions  to  be  followed.  After  the  barometer 
has  been  inverted,  with  cistern  uppermost,  the 
cistern  screw  should  be  loosened  about  one  or 
one  and  one-half  turns  in  order  that  there  may 
be  sufficient  free  .space  for  expansion  of  the 
mercury  in  the  event  of  an  increi.»se  of  tempera- 
ture. The  barometer  may  be  .safely  transported 
or  carried  by  hand  in  an  inverted  or  inclined 
position.  i»o  long  as  care  i.s  used  to  avoid 
.subjecting;  if  (o  rough  handling* 

The  inside  of  the  barometer  case  should  be 
well  packed  with  excelsior  or  other  packing 
material  and  the  cover  securely  closed.  The  case 
is  tlien  wrapped  well  with  heavy  wrapping  paper. 

A  special  wooden  packing  case  is  used  for 
shipping  the  inverted  barometer  and  its  case. 
The  packing  ca.se  must  be  carefully  packed  with 
excelsior  or  other  packing  material,  insuring  that 
the  box  is  completely  filled.  The  cover  is  tlieii 
securely  fastened  with  screws.  Cross  braces 
should  be  attached  at  the  bottom,  projecting  at 
least  a  foot  from  the  sides  to  insure  shipment 
with  the  barometer  remaining  in  a  vertical 
position.  The  case  should  be  labeled  plainly  in 
red  paint  or  red  printed  letters:  HANDLE  WITH 
CARE,  DELICATE  INSTRUMENTS,  GLASS, 
VERY  FRAGILE,  and  THIS  END  UP.  Labels 
should  be  in  large  letters  on  all  four  .sides  of  the 
box. 
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Tests 

The  iiLcuracN  of  llio  iiiorLunal  bjroiiiclcr  in 
lONlal  bv  coiiiparison  with  *i  picssurc  sUiiJanl 
of  greater  jcciirac>.  Prt>ccJu:c  foi  this  compari- 
son may  be  rouiul  in  ilie  Manual  o\  Baromctry 
(WBAN).  N\V50-II)oI0. 

PRECISION  ANEROID 
BAROMETER  (ML-448/UM) 

Tlie  Precision  Aneroid  Barometer. 
ML-448  UM.  is  uscd  in  the  Semi-Automalic 
Meteorological  Station  AN/GMQ-I4(  )  and 
aboard  ship. 

Checks  and  Adjustments 

Prior  to  its  initial  use  in  a  weather  olTice,  a 
comparison  check  with  an  approved  standard 
barometer  is  required  in  accordance  with  the 
procedure  presented  in  FMII  No,  L  Surface 
Observations.  After  a  correction  vahie  has  been 
obtained,  periodic  checks  are  maile  to  ascertain 
the  insirunienl's  rehabiiity. 

NOT!-;  The  only  authorized  adjustment  to  be 
made  in  the  field  on  this  instrument  is  the 
current  i)ressure  adjustment. 

Maintenance 

The  exterior  ol  the  case  should  be  dusted 
whenever  required  and  dial  window  should 
be  wiped  with  a  clean  damp  cloth  if  necessary. 
Inspect  the  general  physical  appearance  of  the 
instrument.  A  cracked  dial  window,  dents, 
bends,  and  other  external  physical  damage  prob- 
ably indicate  a  need  for  overhaul  of  the  in- 
struments since  impact  sufllcient  to  eausc  ex- 
ternal daiiiagc  is  usually  sufficient  to  lender  the 
instrument  inoperative  or  of  suspect  accuraey. 

No  repair  or  parts  replaeenient  is  to  be 
attempted  at  the  observer^  maintenance  level. 
No  attempt  to  lubricate  the  instrument  is  to  be 
made  at  this  maintenance  level. 

Preparation  for  Reshipnient 

If  necessary  to  package  the  precision  aneroid 
for  shipment,  it  should  be  wrapped  in  heavy 
paper,  closed  with  tape,  overwrapped  with  at 


least  2  inches  of  cushioning  material,  and  then 
placed  in  a  snug-fitting  corrugated  cardboard 
')ox.  i'or  further  protection  in  shipment,  the 
packaged  barometer  should  be  placed  in  a 
wooden  shipping  crate  and  protected  with  addi- 
tional cushioning  material. 

Tests 

*riie  barometer  should  be  checked  by  care- 
fully raising  and  lowering  it  through  a  aistance 
of  8  to  10  feet  without  jarring.  If  the  pointer 
does  not  i^idicate  a  preceptible  change  due  to 
this  change  in  height,  the  baroiiieter  requires 
servicing  by  an  instrument  shop  and  should  be 
returned  for  repairs. 

The  accuracy  of  the  instrument  is  determined 
during  the  comparison  noted  in  the  section 
entitled  "Checks  and  Adjitstment."  Failure  of 
the  barometer  to  track  with  the  approved 
standard  l)aronieter  indicates  a  lack  of  accuracy 
and  the  need  for  recalibration  or  repairs  in  an 
overhaul  shop. 

RECONNAISSANCE  ANEROID 
BAROMETER  (FA-1 12) 

The  Reconnaissance  Aneroid  Barometer 
(l'A-1 12)  is  briefiy  described  in  chapter  8  of  the 
latest  revision  to  the  AG  3  &  2  Rate  Trainuig 
Manual.  A  more  detailed  description  may  be 
obtained  from  the  instruction  booklet  provided 
by  the  manufacturer. 

Maintenance 

Since  the  dial  of  each  barometer  is  individu- 
ally calibrated  for  its  particular  mechanism,  very 
little  maintenance  can  be  done  in  the  field.  Scale 
adjustment  is  necessary  when  the  barometer 
must  be  reset  to  agree  with  a  known  standard  of 
*iccurae>.  A  small  bladed  screw  driver  inserted  in 
the  slot  of  tlic  adjusting  disk,  which  is  Hush  with 
the  dial,  is  used  for  this  prupo.se.  A  counter- 
clockwise rotation  of  the  disk  causes  a  like 
movement  of  the  pointer.  The  adjusting  disk  is 
acce.s.sible  thru  the  .screw  plug  in  the  transpare/at 
dial  cover  of  the  instrument. 

Glass  dial  covers  may  be  cleaned  by  wining 
with  a  damp  cloth. 
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The  barometer  has  a  tiltei  pkig  which  con- 
tains a  stainless  steel  filter  screen.  This  screen 
shoiikl  be  cleaned  occasionally  to  remove  any 
foreign  material.  The  plug  nia>  be  removed  with 
a  screwdriver.  If  the  orifice  which  adiiiit.s  outside 
pressure  to  the  case  is  found  to  be  plugged,  it 
should  be  opened  by  the  use  of  a  small  diameter 
wire.  The  screen  sl\ould  then  be  cleaned  with 
gasoline,  after  which  it  sliould  be  moistened 
with  oil  and  drained  before  replacing  in  the 
barometer  ca.se. 

Since  these  instruments  are  calibrated  individ- 
ually, field  repairs  are  not  recommended.  In 
emergencies,  certain  operations  which  are  out- 
lined in  the  instrument  handbook  are  possible. 
These  include  removal  of  the  dial  cover,  pointer, 
and  the  instrument  from  the  case,  and  readjust- 
ment of  the  rack  for  tooth  engagement. 

The  VA-\  12  barometer  ha.s  been  constructed 
just  as  ruggedly  as  the  service  for  which  it  is 
intended  will  permit.  However,  in  aninsirument 
as  sensitive  and  accurate  as  this  barometer, 
delicate  parts  must  be  used.  This  barometer 
must  be  handled  with  care. 

Lubrication 

THt  MECHANISM  DOES  NOT  REQUIRE 
OIL.  Oil  will  only  interfere  with  proper  func- 
tioning and  introduce  serious  errors  in  readings. 

THEODOLITES 

SHORE  TYPE 

The  shore  type  theodolite  is  illustrated  in 
figure  17-2  for  ease  in  identifying  its  various 
component  parts. 

Maintenance 

There  are  very  few  wearing  parts  on  the 
theodolite.  If  the  instrument  is  properly 
handled,  carefully  packed  in  its  carrying  case 
when  not  in  u.se  (fig.  17-3),  covered  with  the 
canvas  hood  for  protection  when  out  of  the 
case,  and  kept  wiped  clean  of  lint  and  dust, 
there  should  be  very  little  need  for  overhaul  or 


replacement  of  paits,  although  periodic  adjust- 
ments may  be  required. 

To  clean  the  telescope  lenses,  first  use  a  clean, 
soft-liaircd  brush  to  lightly  brush  off  the  lens 
surfaces.  Then  wipe  clean  with  a  special  tissue 
piovided  for  th.e  purpose.  If  special  tissue  is  not 
available,  use  clean,  dry  chamois  or  soft  toilet 
tissue.  It  is  very  easy  to  ruin  a  lens  surface  by 
scratching,  theiefore.  be  especially  careful  when 
wiping  it.  Do  not  wipe  hard. 

When  inspecting  the  object  lens,  do  not 
attempt  to  remove  the  object  leii^  from  its 
mounting.  If  the  retaining  screw  has  loosened  so 
that  the  lens  is  not  tight  in  its  mount,  the  screw 
m:iy  be  tightened  by  means  of  the  Spanner 
wrench  used  for  this  purpose.  Handle  the  object 
lens  and  barrel  very  carefully  and  inspect  the 
fine  screw  threads  to  see  that  they  were  not 
damaged  by  being  crossed  when  the  assembly 
was  instaMed. 

Do  not  attempt  to  disassemble  the  eyepiece 
assembly,  as  any  disassembly  or  attempt  at 
disassembly  may  disarrange  the  lenses  u.sed  to 
make  up  the  eyepiece  and  render  the  assembly 
useless  unless  it  is  properly  adjusted  with  precise 
optical  equipment.  Examine  the  assembly  care- 
fully for  damage  and  see  that  the  eyepiece 
moves  freely  in  the  piral  groove  in  the  eyepiece 
adapter. 

The  silver  surfaces  of  the  vertical  and  horizon- 
tal circles  may  become  lariiislied  from  too 
frequent  contact  with  the  hands.  Touching  the 
scale  surfaces  leaves  a  deposit  of  moisture  and 
oil  that  tends  to  oxidize  the  surface.  The  surface 
can  bo  brightened  (o  some  extent  by  rubbing 
with  boneblack  or  by  applying  a  few  drops  of 
MIL-L  7870  oil  and  leaving  it  on  the  scale 
overnight.  Then  wipe  the  scale  clean  with  a 
clean,  soft  cloth.  Leave  a  thin  Hlni  of  oil  on  the 
surface  to  help  keep  it  bright.  The  horizontal 
circle  scale  surface  is  covered  and  does  not 
require  particular  attention.  Never  use  prepared 
commercial  polishes  in  any  form  on  the  gradu- 
ated scale  surfaces  of  the  theodolite. 

When  cleaning  the  tangent  screw  mechanisms, 
particular  care  must  be  taken  to  remove  all  dust 
and  grit  from  the  worm  gears  that  move  the 
horizontal  and  vertical  circles.  Tsc  a  .>oft  cloth 
or  a  toothbrush  moistened  with  solvent,  such  as 
alcohol,  for  this  purpose. 
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Figure  17-2.-Shore  type  the 

Tests  and  Adjustments 

The  theodolite  is  carefully  tested  and  adjubted 
before  issue.  However,  rough  handling  or  usage 
may  result  in  the  instrument  getting  out  of 
adjustment.  All  theodolites  should  be  given  a 
"General  Test"  as  outlined  in  FMH  No.  5,  Winds 
Aloft  Observations,  upon  receipt  and  quarterly 
thereafter. 

Other  tests  and  adjustments  include  the  spirit 
level  check  and  adjustment,  colliniation  adjust- 


AG,732 

lite  and  baseboard  assembly. 

ment,  adjustment  of  horizontal  axis,  adjustment 

of  vertical  circle  fiducial  mark,  and  adjustment 
of  tangent  screw  verniers.  Most  of  these  are 
precision  adjustments  and  require  skill,  patience, 
and  experience  on  the  part  of  the  person  making 
the  adjustment.  Extreme  care  must  be  taken  not 
to  damage  the  theodolite,  and  adjustments 
should  be  made  by  a  qualified  instrument  man 
only.  Consult  the  appropriate  technical  manual 
for  a  more  complete  discussion  of  the  tests, 
checks,  and  adjustments. 
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TELESCOPE  TURNED  OVER  (SIGHTS  DOWN)  BOTH  TANGENT  SCREWS 
OBJECT  END  POINTED  TO  UPPER  LEFT  REAR  DISENGAGED 


TWO  LEVELING 
SCREWS  LOOSENED 


SHIFTING  PLATE  PUSHED 
TOWARD  REAR 


Figure  17-3.-Theodolite  in  case. 
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TRIPODS 
Maintenance 

The  tripods  require  very  Httle  maintenance. 
The  corrosion  on  Ihe  metal  legs  of  the  shipboard 
tripod  can  be  removed  with  silver  polish. 

Periodically  apply  a  small  amount  of  oil  to 
the  movable  joints  on  Ihe  tripods.  Remove  any 
excess  oil  to  prevent  dust  and  dirt  from  collect- 
ing on  these  joints. 

CLINOMETERS 
ML-1 19  (SHORE  TYPE) 
Maintenance 

When  the  clinometer  is  not  is  use,  keep  it  in 
its  case  to  protect  the  instrument  from  dust  and 
dirt.  Keep  the  pendant  clamped  to  prevent  it 
from  being  damaged  by  sudden  movements  or 
jolts.  Remove  dust  from  the  instrument  with  a 


clean  soft  cloth.  If  the  cover  glass  on  the 
clinometer  is  fingerprinted  or  dirty,  wipe  the 
outside  with  a  damp  cloth  and  polish  with  a  soft 
cloth  or  tissue. 

TESTS 

Check  the  accuracy  of  the  clinometer  every 
month  as  follows:  With  the  sighting  tube  in  a 
horizontal  position,  rest  the  front  edge  of  the 
quadrant  scale  plate  on  a  level  surface  and  check 
the  instrument.  The  pendant  should  indicate  0"". 
If  the  instrument  does  not  register  accurately, 
return  it  to  the  repair  depot  for  adjustment. 

ML.591/U  (SHIPBOARD  TYPE) 

Maintenance 

Maintenance  of  the  Clinometer  ML-591/U 
which  is  designed  for  shipboard  use  consists 
primarily  of  checking  the  accuracy  and  perform- 
ance periodically  on  a  30  day  cycle.  There  are 
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%pccilic  steps  to  be  lolk)\val  \v!;^ii  acconiplisli- 
ing  the  pcitorniaiicc  test.  Hie  proper  proeediire 
is  JesLrihed  in  the  teehnieal  nianiiah 

The  ML-50I/U  should  also  be  cheeked  period- 
ujllv  ioi  damage,  \\e*ir»  and  corrosion.  Mainte- 
nance IS  limited  to  cleaning,  minor  repair^ 
replacement  oi  damaged  or  worn  parts*  and 
adjusthicnl.  Instructions  for  major  rep*iirs  and 
disassembK  are  eontained  in  the  technical 
manual. 

WIND  EQUIPMENT 

WIND  MEASURING  SET  AN/UMQ-5(  ) 

L  nJci  nunnal  conditions  Wind  Measuring  Set 
AN,CMQ-5()  will  require  ver>  little  testing  or 
adjusting  hi  this  NcctK;n»  only  the  nujiitenanee 
thai  Aeiugiapliefs  Mates  Tirst  Class  and  Chief 
normally  pcrtbrm  is  discussed. 

Maintenance 

Mainteiience  is  limited  to  service,  replace- 
mcnt«  adjustment,  and  minor  repair  which  can 
be  pcilorined  without  disassembly  oi  with  par- 
tial disassembly  not  requiring  the  use  of  over- 
haul lacihtie.s.  Instructions  tor  major  repaii  are 
contained  in  the  overhaul  instruction  manual. 
Such  work  is  to  be  perrormed  in  overhaul  shops 
only. 

COMPLb.TE  WIND  MEASURING  SET  AN/ 
UMQ-5(  ).  Service  inspection  of  the  complete 
set  consists  of  a  daily  obsen^ation  of  the 
detector  and  indicator  behavior  and  a  monthly 
check  on  cables,  connections,  and  mechanical 
security. 

The  dailv  inspection  consists  of  a  check  to  see 
that  the  vane  alines  the  detector  in  the  apparent 
v\ind  and  that  the  impeller  turns  freely.  Com- 
pare  the  indications  of  all  recorders  and  indica- 
tors on  the  detector  circuit.  They  should  be  in 
agreement. 

The  monthly  check  consists  of  checking  the 
cables  for  physical  damage  or  deterioration. 
Check  the  mechanical  security  of  component 
mountings. 

When  damage  to  cabling  is  discovered  during 
>crvuw  inspection  or  indicated  during  trouble- 
shooting, the  cable  should  be  checked  and 
repaired  or  replaced  as  necessary.  Particular  care 


must  be  taken  to  avoid  improper  connections, 
since  errors  introduced  to  the  indicators/record- 
ers as  a  result  of  improper  connections  are  not 
always  readily  apparent. 

DETECTOR.  There  will  be  occasions  when 
the  detector  direction  synchro  will  need  zeroing; 
that  is,  when  the  vane  points  to  north,  the 
indicators  and  recorders  should  read  north.  The 
procedure  for  zeroing  the  components  of  the 
UMQ-5(  )  may  be  obtained  from  the  instrument 
technical  manual. 

Repainting  by  Aerographer's  Mates  is  re- 
stricted to  minor  touehup  of  scratches  on  the 
detector  vane  and  housing  and  complete  refin- 
ishing  as  necessary  on  the  support.  Care  must  be 
taken  not  to  apply  too  much  paint  anywhere  on 
the  detector  vane  since  it  may  unbalance  the 
instrument  and  cause  erroneous  indications, 

INDICATORS.  The  only  service  inspection 
required  for  the  indicators  is  an  observation  of 
their  operation  to  detect  erroneous  readings,  or 
failure  of  lamps. 

No  special  procedures  are  required  for  repair 
and  replacement  of  parts  in  the  indicators. 

RECORDER.  Service  inspections  on  the 
wind  direction  and  speed  recorder  consist  of 
scheduled  checks  and  inspections.  Table  17-1 
lists  the  scheduled  times  and  the  nature  of  the 
inspection. 

For  a  further  discussion  on  recorder  mainte- 
nance, see  the  Handbook  of  Operation  and 
Maintenance  Instructions*  NA  50-30FR-525, 

Component  Tests 

Most  of  the  electrical  tests  on  the  Wind 
Measuring  Set  AN/UMQ-5(  )  are  performed  by 
the  ship  or  station  electronics  personnel.  Tests 
which  can  normally  be  performed  by  Aerogra- 
pher's  Mates  are  presented  in  this  section. 

COMPLETE  SET.-For  the  wind  direction 
circuit  test,  position  the  wind  direction-speed 
detectors  so  that  the  vane  is  pointing  the  nose 
directly  toward  north.  This  may  be  accom- 
plished by  clamping  a  straightedge  to  the 
machined  side  of  the  connector  housing  and 
alining  the  vane  with  the  straightedge.  All 
indicator  direction  pointers  and  recorder  direc- 
tion pens  in  the  same  circuit  with  the  detector 
should  indicate  north. 
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Chapter  17-MAINTENANCE  OF  METEOROLOGICAL  EQUIPMENT 
Table  17-1. -Recorder  inspection  schedule. 


Item 

Nature  of  inspection 

Time 

Recorder  chart 

Inspect  for  clear,  legible  record  trace,  proper 
time  setting,  sufficient  chart  reserve,  takeup 
without  binding,  and  agreement  of  recorded 
values  with  indicator  readings. 

Daily. 

Check  for  evidence  of  clogged  ink,  fuzzy  line 
on  record,  recording  on  sudden  swings. 

Daily. 

Check  to  see  that  sufficient  ink  is  in  tanks. 

Weekly, 

Complete  instru- 
ment 

Check  for  evidence  of  dustg  dirt,  or  cor- 
rosion. 

Check  operation  in  accordance  with  the  section 

entitled  "Component  Tests." 
Check  lubrication  in  accordance  with  the 

applicable  BuWeps  technical  manual. 

Monthly. 

Quarterly. 

Quax^terly. 

DETECTOR.^Only  tests  of  a  mechanical  na- 
ture which  are  performed  by  Aerographer's  Mates 
are  discussed  in  this  section.  As  stated  earlier, 
electrical  tests  are  normally  performed  by  the 
ship  or  station  electronics  personnel. 

When  checking  the  wind  direction-speed  indi- 
cator for  excess  friction,  remove  the  detector 
from  the  connector  housing.  Attach  the  protect- 
ing cover  to  the  top  of  the  connector  housing  to 
prevent  foreign  matter  from  entering  the  female 
connector.  Carry  the  detector  inside,  away  from 
any  effect  of  the  wind. 

Attach  a  test  disk  (the  weight  of  this  disk  is 
equal  to  the  weight  of  a  1-cent  coin)  at  the  tip 
of  one  of  the  impeller  blades  with  a  piece  of 
scotch  tape.  Turn  the  blade  so  that  it  is  45"" 
from  the  top  center.  Then  release  the  impeller 
The  weight  of  the  test  disk  should  be  sufficient 
to  carry  the  blade  to  the  bottom  if  excessive 
friction  is  not  present.  If  the  weight  of  the  disk 
is  insufficient  to  carry  the  blade  to  the  bottom, 
it  is  possible  that  either  the  magneto  needs 
replacing,  or  the  impeller  holder  may  be  rubbing 
on  another  surface. 


To  check  the  vane  for  excessive  friction, 
attach  a  test  disk  (the  weight  of  this  disk  is  equal 
to  a  50-cent  coin)  to  the  flat  side  of  the  tail 
surface  nearest  the  trailing  edge.  Hold  the  vane 
approximately  in  line  with  the  bench  top;  then 
release.  The  weight  of  the  disk  should  be 
sufficient  to  carry  the  tail  surface  down  if 
excessive  friction  is  not  present.  If  the  weight  of 
the  disk  is  insufficient  to  carry  the  vane  down- 
ward it  is  possible  that  the  synchro,  ball  bear- 
ings, or  brushes  need  replacing.  Before  making 
the  above  vane  check,  make  certain  that  the 
vane  is  in  static  balance. 

INDICATORS.-Tests  on  the  indicators  are  of 
an  electrical  nature.  Since  these  tests  are 
normally  performed  by  maintenance  personnel, 
they  are  not  discussed. 

RECORDER. -For  the  tests  on  the  wind 
direction  and  speed  recorder,  only  the  chart 
drive  mechanism  is  discussed.  The  chart  drive 
mechanism  is  tested  during  operation.  If  the 
chart  feeds  smoothly,  takes  up  without  binding, 
and  does  not  gain  or  lose  too  much  time,  it  may 
be  considered  to  be  operating  properly. 
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WIND  MEASURING  SET  AN/l>MQ.3(  ) 
Ins])cction 

The  onl\  service  inspection  required  is  to 
nuke  ccitain  that  the  turbine  and  vane  are  free 
to  rotate  and  that  ibtrc  is  pointer  movement 
when  the  turbine  is  rotated.  A  method  to  check 
for  freeness  is  to  hold  the  instrument  in  its 
operating  position  and  walk  at  a  moderate  rate 
in  an  area  where  there  is  no  air  movement.  If  the 
vane  assumes  the  correct  position  and  there  is  a 
speed  indication  on  both  scales,  it  is  probable 
that  the  instrument  is  in  a  satisfactory  condi- 
tion. 

Maintenance 

The  causes  of  trouble  encountered  on  the 
PMQ-3(  )  can  normally  be  identified  through 
observance  of  the  characteristics  of  the  wind 
speed  pointer  indications.  The  indicator  will 
present  erratic  or  abnormal  wind  indications 
dependent  upon  which  component  is  defective. 
The  various  troubles,  the  probable  causes,  and 
recommended  remedies  are  described  in  the 
instrument  technical  manual. 

A  trouble  can  generally  be  isolated  by  replac- 
ing a  component  with  another  known  to  be  in 
good  condition.  Tabic  17-2  includes  the  com- 
ponents of  Wind  Measuring  Set  AN/PMQ-3(  ) 
that  the  Acrographcr's  Mates  are  authorized  to 
install. 

Table  17-2.-Replaceable  parts  list-AN/PMQ-3|  ). 


Pari  "umc 

Units  per 

1 

1 

1 

I 

1  cix^*  r  and  h'vitch 

\ 

\ 

V'  /.  I 

\ 

\ 

WIND  SPEED  DETECTOR.-To  replace  the 
wind  speed  detector  (fig.  17-4),  grasp  the  de- 
tector and  give  it  a  slight  twist  in  a  counterclock- 
wise direction  (looking  down  on  the  instrument) 
and  pull  it  off  straight.  Remove  the  spare 
detector  from  the  case  in  a  like  manner.  Install 
the  spare  detector  by  reversing  the  above  proce- 
dure, making  certain  that  the  unit  is  securely 
locked  in  position. 


CAGE 
TURBINE 


COVER- 


PLUG 


AG.734 

Figure  17-4. -Wind  Speed  Detector  (AIM/PMQ-3(  )). 


WIND  VANE. -Minor  defects  and  dents  are 
not  cause  for  replacement.  If  twisted  parts  affect 
the  accuracy,  try  to  straighten  them.  If  the  vane 
is  not  repairable,  the  spare  wind  vane  from  the 
case  should  be  installed  and  another  wind  vane 
requisitioned  from  stock  spares. 

WIND  SPEED  INDICATOR.^If  physical 
damage  is  not  visible,  and  as  defective  indication 
may  be  caused  by  another  component,  do  not 
discard  the  unit  until  its  condition  has  been 
proved  unsatisfactory  by  a  replacement. 
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TRIGGER  AND  SWITCH  ASSEMBLY, -If 
physical  damage  is  not  ii>ibk\  and  as  a  defective 
indication  may  be  caused  by  another  com- 
ponent, do  not  discard  the  unit  until  its  condi- 
tion has  been  proved  unsatisfactory  by  a  replace- 
ment. 

The  ancniometer-wind  vane  requires  no  kibri- 
cation  or  cleaning  by  the  operator. 

In  all  cases  of  replacement  or  adjustment, 
consult  the  current  technical  manual  for  com- 
plete instructions, 

METEOROLOGICAL  MEASURING  SETS 
(AN/PMQ.5(  )  AND  AN/PMQ-7) 

For  the  operating  principles  and  service  in- 
structions refer  to  the  Handbook  of  Operation 
and  Service  Instructions,  AN/PMQ-5,  NA 
50-30FR-513,  and  Handbook  of  Operation  and 
Service  Instructions,  Meteorological  Measuring 
Set,  NavWeps  50-30  PMQ-7-1. 

Aerographefs  Mates  do  not  normally  come  in 
contact  with  these  equipments;  thj^'efore  they 
are  not  covered  in  any  more  detail  here. 

CEILING  LIGHT  PROJECTOR  ML-121 
INSPECTION  AND  CLEANING 

Once  a  week,  and  more  often  if  necessary  to 
insure  full  beam  intensity,  clean  the  cover  glass 
on  the  projector  housing  and  the  reflecting 
surface  of  the  rellectors.  Inspect  the  drainage 
holes  in  the  mirror  and  housing,  and  clean  them 
as  often  as  is  necessary  to  insure  adequate 
drainage  and  ventilation  of  the  enclosure. 

When  the  sun  is  shining  brightly  into  the 
projector,  the  intensity  of  heat  and  light  concen- 
trated in  the  area  above  the  parabolic  reflector, 
especially  in  the  area  near  its  focal  point,  may 
be  sufficient  lo  burn  the  skin  or  seriously  injure 
the  eyes.  Dark  glasses  must  always  be  worn 
when  looking  into  the  reflector  or  at  the  lighted 
filament  of  the  lamp. 

Liquid  glass  cleaners  or  other  nonabrasive 
gla,ss  cleaners  u,sed  with  soft  clean  cloths  are 


recommended  for  cleaning  the  cover  glass  and 
the  refiectors.  Avoid  scratching  or  otherwise 
damaging  the  reflectors.  Replace  the  cover  glass 
door  gasket  if  water  is  leaking  into  the  housing. 

MAINTENANCE 

The  maintenance  that  is  performed  by  Aerog- 
rapher's  Mates  will  consist  of  replacing  lamps, 
focusing  the  lamp,  and  beam  alinement. 

WARNING:  HIGH  VOLTAGE  is  used  in  the 
operation  of  this  and  ,somt  other  meteorological 
equipment  mentioned  in  other  sections  of  this 
Rate  Training  Manual.  DEATH  ON  CONTACT 
may  result  if  personnel  fail  to  observe  safety 
precautions.  Learn  the  areas  containing  high 
voltage  in  each  peice  of  equipment.  Be  careful 
not  to  contact  high-voltage  connections  when 
calibrating,  adjusting  or  testing  these  equip- 
ments. Before  working  inside  the  equipment, 
turn  power  off  and  ground  points  of  high 
potential  before  touching  them. 

Replacing  lamps 

Loosen  the  wing  nuts,  replace  the  defective 
lamps,  and  secure  the  access  door  in  accordance 
with  instructions  in  the  instrument  technical 
manual. 

Replace  defective  lamps  promptly  whenever 
the  lamp  has  begun  to  blacken  or  the  filament 
sags  to  a  noticeable  extent.  Lamp  life  will  vary 
considerably  due  to  local  conditions  and  is 
highly  critical  with  respect  to  overvoltage  or 
excess  voltage  fluctuations.  The  optimum  volt- 
age is  11.8  volts  and  should  never  exceed  12 
volts.  Lower  voltages  decrease  the  intensity  of 
the  spot  and  the  minimum  voltage  for  satisfac- 
tory operation  is  1 1.3  volts.  The  voltage  across 
the  lamp  should  be  checked  and  adjusted  if 
short  lamp  life  or  reduced  lamp  intensity  is 
experienced. 

For  instructions  on  focusing  the  lamp  and 
beam  alinement  consult  the  Handbook  of  Opera- 
tion and  Maintenance  Instructions,  NA 
50-30FR-521. 
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MAINTENANCE  OF  AUGMENTING  METEOROLOGICAL  AND 

OCEANOGRAPHIC  EQUIPMENT 


As  the  scientific  fields  of  meteorology  and 
oceanography  continue  to  advance,  so  does  the 
importance  of  rapid  and  accurate  meteorological 
and  oceanographic  environmental  measure- 
ments. Electrical  and  electronic  equipments 
currently  in  use  continue  to  be  improved  as  well 
as  augmented  by  newer  and  more  accurate 
equipment. 

As  senior  Aerographer  s  Mates,  you  must  not 
only  be  respon.sible  for  the  correct  operation  of 
these  equipments  but  you  must  aLso  insure  that 
they  are  kept  operating  to  their  fullest  extent. 
An  important  part  of  this  task  entails  the 
periodic  performance  of  operators  tests,  calibra- 
tions, and  adjustments.  The  maintenance  of 
electronic  equipments  are  not  performed  by 
Aerographer's  Mates.  This  equipment  will  be 
maintained  by  the  ship  or  station's  electronics 
personnel. 

Many  of  liie  tests,  calibrations,  and  adjust- 
ments lO  meteorological  and  oceanographic 
equipment  are  di.scus.sed  in  this  manual.  How- 
ever, the  intent  is  to  provide  a  general  knowl- 
edge and  not  to  substitute  for  the  technical 
manual.  Wherever  po.vsiblc  reference  should  be 
made  to  the  applicable  technical  manual  to 
insure  correct  maintenance  of  the  equipment. 
AG  3  &  2.  NavTra  10363-D  should  be  reviewed 
where  necessary  for  general  information  relating 
to  description,  theory,  or  principles  of  opera- 
tion. 

TRANSMISSOMETER  SET 
AN/GMQ-10(  ) 

If  accurate  measurements  of  visibility  are  to 
be  obtained  through  utilisation  of  the  Trans- 
niissometer  Set  AN/GMQ-IO(  ),  the  checks  and 


adjustments  described  in  the  following  para- 
graphs should  be  accomplished  by  the  Aerog- 
raplier's  Mate. 

CHECKS  AND  ADJUSTMENTS 
DURING  NORMAL  OPERATION 

1.  BACKGROUND  CHECK.  This  check 
measures  the  effect  of  background  illumination 
on  the  tran.smi.ssion  reading.  Turn  the  back- 
ground .switch  to  TEST  and  hold  it  there.  With 
this  .switch  in  the  TEST  position,  a  relay  in  the 
projector  power  supply  is  energized,  thus  turn- 
ing off  the  lamp.  Then  the  reading  of  the  meter 
and  recorder  is  that  due  to  background. 

2.  ZERO  ADJUSTMENT.  If.  after  stabiliza- 
tion, the  meter  does  not  read  zero  when  the  zero 
switch  is  thrown  to  TEST  position,  adjust  the 
zero  adjustment  potentiometer  until  zero  is 
indicated. 

Turn  the  range  switch  to  the  HIGH  position 
and  note  the  meter  leading.  If  it  no  longer  reads 
zero,  be  sure  to  zero  the  meter  for  the  range  to 
be  used.  Switching  the  range  switch  should  also 
actuate  the  recorder  range  pep  near  the  right- 
hand  edge  of  the  chart. 

PERIODIC  CHECKS  AND 
INSPECTIONS 

Careful  routine  checks  of  the  equipment  by 
Aerographer's  Mates  very  often  prevent  failure 
under  conditions  when  maintenance  personnel 
are  not  available.  Use  of  checklists  will  prevent 
the  omission  of  pertinent  checks.  Entry  of 
pertinent  data  and  remarks  in  their  proper  places 
on  the  checklists  will  assist  in  the  early  detection 
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of  malfunctioning  equipment  and  improper  ad- 
justments or  operations.  All  adjustments  should 
be  recorded.  Operating  personnel  are  responsible 
for  daily  checks,  some  of  the  weekly  checks,  and 
a  few  others  that  are  limited  to  a  mechanical 
nature.  All  other  checks  or  corrective  mainte- 
nance should  be  performed  by  maintenance 
personnel.  Checks  should  be  made  at  least  as 
frequently  as  indicated  and  more  frequently 
when  local  conditions  require  them. 


Daily  Checks  and  Inspections 

The  daily  check  of  the  transmissoP\eter  is 
made  at  the  indicator  using  the  past  record  as  a 
basis  for  checking  the  field  units.  It  is  desirable 
to  make  the  daily  check  at  approximately  the 
same  time  every  day.  A  tiiOc  when  UiC  visibility 
is  good  should  be  chosen.  A  form  such  as  that 
illustrated  in  figure  18-1  may  be  used  for  such 
inspections,  checks  and  adjustment^.  It  should 
be  pointed  out  here  that  forms  readily  available 
through  normal  supply  systev^s  may  be  modified 
locally  to  meet  the  requirenients  for  maintaining 
accurate  logs  and  records.  The  entry  of  initials 
indicates  that  the  item  or  unit  is  functioning 
properly.  Enter  in  the  remarks  section  of  the 
form  any  remarks  regarding  maintenance,  adjust- 
ments performed,  or  weather  conditions  at  the 
time  of  the  check  which  may  be  of  value  to 
maintenance  personnel  conducting  further 
maintenance,  or  to  station  personnel  in  evaluat- 
ing the  operation  of  the  transmissometer. 


Weekly  Checks  and  Inspections 

Certain  weekly  checks,  inspections,  and  ad- 
justments, if  necessary,  are  performed  by  AG 
personnel.  As  pointed  out  previously,  some  of 
these  may  be  made  by  the  maintenance  person- 
nel. Figure  18-2  illustrates  a  sample  weekly 
preventive  maintenance  checkoff  list  for  the 
transmissometer.  Although  the  inspections  and 
checks  are  made  by  AG  personnel,  the  mainte- 
nance technicians  perform  the  indicated  correc- 
tive maintenance  in  cases  in  which  malfunction- 
ing exists.  These  checks  should  be  made  on  the 
'3ame  day  and  at  as  nearly  the  same  time  as 
possible  each  week. 
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Biweekly  Checks  and  Inspections 

In  addition  to  the  weekly  checks  and  mainte- 
nance, the  following  checks  and  maintenance  are 
performed  biweekly  by  AG  personnel: 

1,  RECORDER.  Change  the  chart,  taking 
care  to  date  both  the  old  and  new  charts.  Be 
sure  that  the  chart  is  properly  positioned  and 
feeding  properly.  Clean  the  recorder  by  blowing 
out  the  paper  fragments  and  debris  from  the 
recorder  case. 

2,  INDICATOR.  RECEIVER,  AND  PROJEC- 
TOR. Clean  interior  and  exterior  of  cabinets. 

Monthly  Checks  and  Inspections 

The  monthly  checks  v^d  inspections  should 
be  made  at  4-week  intervals,  and  should  be  made 
to  coincide  with  a  weekly  or  biweekly  check. 
The  checks  made  on  the  indicator,  projector, 
and  receiver  are  of  an  electronics  nature  and  are 
performed  by  maintenance  personnel  rather 
than  Aerographer's  Mates, 

The  checks  on  the  recorder  will  be  confined 
to  the  writing  system.  Remove  the  inkwells  and 
the  pen  elements  from  the  recorder  and  wash 
them  with  warm  water.  Pass  a  stream  of  water 
through  the  pen  elements  until  a  clear  stream  is 
obtained.  Fill  the  inkwells  with  the  specified 
type  of  ink,  replace  the  inkwells,  and  pen 
elements,  and  draw  sufficient  ink  through  the 
pen  elements  to  remove  all  air  bubbles.  Check 
the  balance  of  the  pen  elements.  Check  to  .see 
that  the  pen  elements  do  not  rub  the  scale  plate 
or  the  inkwell  at  any  position  throughout  its  arc. 

Quarterly  Checks,  Inspections, 
and  Preventive  Maintenance 

The  quarterly  checks  are  of  an  electronics 
nature  and  are  performed  by  electronics  person- 
nel rather  than  Aerographer's  Mates. 

Semiannual  and  Annual  Maintenance 

Semiannual  and  annual  maintenance  consists 
of  lubricating  the  transmissometer  set  and  carry- 
ing out  anticorro.sion  mea.sures  such  as  cleaning 
rust  from  surfaces,  touch  up,  and  repainting  as 
necessary. 
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Week  of 


DAILY  INSPECTION  CHECKOFF  LIST 
(TRANSMISSOMETER  INDICATOR/RECORDER  AN/GMQ-10) 
23  March  19—   Ref :    NW  50-30  GMt^'lO-Z 


ITEM 


Accomplished  by 


M 


W 


REMARKS 


1.  Check  for  proper  zero 
adjustment 

2.  Check  for  proper  low- 
range  calibration 


mm 


m 


IT 


3.    Check  recorder  for  past 
24-hr  trouble  symptoms 


tin 


4.  Clear  legible  trace 

5.  Proper  time  setting 

6.  Sufficient  chart  reserve 


to 


Mm.  


111 


7.     Takeup  without  binding 


8.    Agreement  recorded 


m. 


9.    Evidence  of  clogged  ink 
(fuzzy  line  on  record) 


10.    Recording  on  sudden  swings 


mi 


Additional  remarks:  NO    ^l//b^//Ce  aF  'MfttPltN(.rJdNS 

 <^THeiL  THAN  Moren  


NOTE:    For  detailed  instructions  on  corrective  measures  consult  the  referenced 
BuWeps  technical  manual.    Bring  any  major  discrepancies  to  the  attention  of  the 
division  chief.    Turn  in  this  sheet  weekly  to  the  administrative  section  of  the 
meteorological  office. 


Figure  18-1.-DaLV  inspection  checkoff  list  for  Transmissometer  Set  AN/GMQ-IO  (  ). 
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WEEKLY  PREVENTIVE  MAINTENANCE  CHECKOFF  LIST 


(TRANSMISSOMETER  SET  AN/GMQ-13) 
Date            30  March  19^                                            Ref:    NW  50-30GMQ10.2 

ITEM 

INITIALS 

REMARKS 

INDICATOR 

1.    Check  high  range  calibration 
(ad\u^t  i£  necessary^ 

2.    Check  effect  of  small  volume 
and  bias  adjustment  on  recorder 

3,    Check  pen  balance  in  recorder 

4.    Adjust  lijcCuanical  zero  of 
recorder  if  necessary 

5.    Wind  recorder  at  0800LST 
every  nonuay  iivi 

6.    Check  chart  to  be  sure  that 
hourly  cutoff  is  working 

it 

7,    Check  for  noticeable  shifts  in 
chart  record  after  hourly  cutoffs 

PROJECTOR 

1.    Examine  chart  for  past  week  to 
determine  if  projector  lamp  has 
become  defective  (notify  technician 
1            if  lamp  is  defective) 

tl 

1      2.    Clean  projector  lamp  face 

1 RECEIVER 

1      1,    Feel  Receiver  lens  compound  (not 
1            heater  housing)  near  heater  to 
1            determine  i£  heater  is  operating 
1            (notify  technician  if  not  operating) 

1      2.    Clean  large  Receiver  lens  if  neces8ar> 

NOTE:    Pertorm  cnecKS  on  same  u«/  wi.  wcciv  — ^  .  - 

any  corrective  «ction  taken  in  remarks.    Notify  the  division  chief  of  any  major 
trouble.    Turn  in  this  sheet  to  the  raeteorologicsl  administrative  section  when 
complete  for  necessary  action. 
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Figure  18-2.-Weekly  preventive  maintenance  checkoff  list  for  Tran$mi$$ometer  Set  AN/GMQ-10(  ). 
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The  semiannual  and  annual  lubrication  sched- 
ules are  contained  in  the  Periodic  Inspection, 
Maintenance,  and  Lubrication  section  ofTechni' 
cal  Manual  of  Operation  and  Service  Instruc- 
tions, Transmissometer  Set  AN/GMO-lOf  ) 
NA50-30GMQ10-2. 

To  insure  that  proper  maintenance  of  this 
equipment  is  performed  at  scheduled  intervals,  a 
job  description  card,  such  as  the  one  illustrated 
in  figure  18-3  should  be  prepared  and  kept  in  a 
tickler  file. 

TROUBLESHOOTING  AND  REPAIR 

Troubleshooting  and  repair  of  Tiansmissom- 
eter  Set  AN/GMQ-1 0(  )  iS  limited  to  those  items 
previously  mentioned,  and  to  a  few  additional 
items  of  a  mechanical  nature.  A  complete 
troubleshooting  chart  may  be  found  in  the 
technical  manual  for  this  piece  of  equipment. 

CONVERTER  INDICATOR  GROUP 
OA-7900/GMQ-10(  ) 

If  the  Converter  Indicator  Group  OA-7900/ 
GMQ-10(  )  is  used  to  obtain  runway  visual 
range  (RVR).  Aerographer\s  Mates  should  insure 
that  minimum  acceptable  performance  standards 
of  operation  are  adhered  to.  The  theory  of 
operation  and  operating  procedures  for  this 
equipment  as  used  in  conjunction  with  the 
Transmissometer  Set  AN/GMQ-1 0(  )  are  pre- 
sented in  chapter  10.  AG  3  &  2,  NT  10363-D, 
and  the  equipment  technical  manual. 

The  following  pre  dure  <:hould  be  followed 
to  determine  if  the  .^^tem  contains  a  defective 
module  or  circuit: 

1.  With  the  power  switch  turned  on,  ihe  fan 
should  become  operative;  the  pilot  light  should 
light;  and  when  the  cover  is  removed  on  the 
encoder,  you  should  be  able  to  observe  the 
encoder  disk  rotating  twice  per  minute. 

2.  With  the  power  switch  on,  the  display 
screen  of  Digital  Display  ID-1348/GMQ-10 
shown  mounted  on  top  of  the  converter  in 
figure  18-4  should  be  fully  illuminated  when  the 
brightness  knob  is  turned  fully  clockwise. 

3.  When  the  "runway  light  setting''  is  moved 
from  the  "normal  position,  the  red  light 
indicator  on  the  display  panel  should  light. 


The  preceding  checks  may  be  performed  by 
the  operator.  However,  there  are  other  checks 
for  isolating  problems  described  in  the  technical 
manual,  which  arc  performed  by  qualified  tech- 
nicians. In  any  event,  if  .v^pair.s  are  deemed 
necessary,  they  should  be  accomplished  by  the 
technicians. 

The  checks  mentioned  in  the  preceding  para- 
graphs indicate  only  that  the  equipment  is 
operating.  To  determine  if  it  is  operating  at  the 
minimum  acceptable  standards,  other  checks 
must  be  made. 

MINIMUM  PERFORMANCE  TESTS 

As  already  stated,  there  are  many  tests  which 
may  be  performed  by  qualified  technicians. 
However,  there  are  two  preliminary  tests  which 
do  not  take  much  time  and  may  be  performed 
by  the  operator.  These  tests  are  termed 
accelerated  tests  and  are  referred  to  individually 
as  the  "systems  test"  and  the  "display  test.'' 

Systems  Test 

Insure  that  the  converter  indicator  group  (fig. 
18-4)  is  properly  connected  as  described  in  the 
technical  manual.  The  transmissometer  receiver 
may  be  disconnected  if  desired.  Set  the  con- 
verter switches  in  the  various  combinations  and 
notice  if  displayed  data  is  in  accordance  with 
table  18-1. 

Allow  2  minutes  for  each  display  of  data  and 
several  repetitions  to  follow  in  order  to  observe 
consistent  conversion  and  display.  This  test  is 
sufficient  to  insure  that  the  equipment  will 
operate  properly  and  should  be  performed  at 
least  once  a  day. 

Display  Test 

The  display  test  is  performed  in  conjunction 
with  the  converter  as  part  of  the  system  test.  In 
this  test  items  to  be  checked  are:  the  readout 
units,  switching  relay,  and  display  lamps.  As  the 
system  is  being  tested,  operation  of  the  readout 
units  can  be  checked  by  listening  to  the  clicking 
of  the  relays  and  slide  plates,  and  observing  the 
screen  illumination.  The  clicking,  as  well  as 
change  of  readings,  should  take  place  once  a 
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JOB:    LUBRICATION  OF  TR/\KSMISSOMETER  SET  AN/GMQ-IO 


JDC: 


EQUIPMENT:    Indicator  and  Recorder  used  with 
Transmlssometer  Set  AN/GMQ-lO 


DESCRIPTION:     Lubricant  Is  applied  to  hinge  pins 
of  Indicator  cabinet  door;  bearings 
of  Interior  of  recorder 


TYPE:  Lubrication 
INTERVAL:  Semiannually 


TOOI^  AND    Petroleum  Jelly 
MATERIAL:    Light  machine  oil  (SAE-10) 
Small  screw  driver 


REF:    NA  50-30GMQ10-2 


IMPORTANT:    Be  sure  to  read  the  instructions  manual  and  obtain 
necessary  tools  and  materials  before  starting  Job. 
USE  ONLY  CLOCK  OIL  AND  WIPE  OFF  EXCESS  OIL.    DO  NOT 
USE  ORDINARY  LUBRICATING  OIL. 


PROCEDURE:     PERFORM  HIE  FOLLOWING  OPEPATIONS 

1.  Indicator  cabinet.    Apply  a  few  drops  of  light  machine  oil  to  the 
hinge  pins  of  the  cabinet  door. 

2.  Recorder.    First  remove  the  roll  chart  and  then  the  chart  drive  assembly 
following  this  procedure. 

(1)  Turn  the  Recorder  switch  to  OFF  position. 

(2)  Lift  up  the  scale  plate  and  remove  the  transmission  pen,  the  recorder 
pen  Ink  reservoir,  and  the  range  pen  assembly. 

(3)  Using  the  screw  driver  remove  the  four  chart  drive  mounting  screwa 
located  one  In  each  corner  of  the  recorder  housing. 

(A)    With  both  hands,  carefully  lift  the  chart  drive  assembly  straight 
forward  and  out  of  the  recorder  housing. 

3.  Remove  the  chart  drive  change  gears.    Apply  one  or  two  drops  of  oil  to  the 
bearings  of  each  gear  sliaft  and  chart  drive  roller.    Clean  each  gear  with  solvent 
and  apply  a  thin  film  of  oil  to  each  gear.    Reinstall  the  gears. 

A.    Apply  one  or  two  drops  of  oil  to  each  of  the  four  bearings  In  the  reroll 
gear  case  and  on  the  opposite  bearings  In  the  right  side  of  th^  g.ear  case. 

5.  Apply  one  or  two  drops  of  oil  to  the  bearings  of  the  cha.rt  buttons  and 

the  rfroll  bracket. 

6.  Lift  the  cover  of  the  escapement  and  apply  one  drop  ot  oil  to  each  ot 
the  bearings  and  one  or  two  drops  of  oil  to  the  teeth  of  each  gear.    Close  cover. 

7.  Apply  one  or  two  drops  of  oil  to  each  bearing  of  the  winding  arbor. 
Apply  a  small  amount  of  petroleum  Jelly  to  the  worm  gear  of  the  winding  arbor. 

8.  Reinstall  the  chart  drive  assembly. 

9.  Reinstall  the  roll  chart. 
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Figure  18-3.-Job  description  tor  semiannual  lubrication  of  Transmi«ometer  Set  AN/GMQ-10(  ). 
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• 

Figure  184 .-Converter  Indicator  Group  OA-7900/GMQ-10I  ). 
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minute.  In  cnse  the  clispLiy  Limps  are  not  htihteil 
with  the  switch  in  the  ON  posituMi,  llip  the 
switch  to  LAMP  TliST  position,  :nul  lurn  the 
BRIGIITNLSS  knob  clockwise  if  thc>  Mill  do 
not  function,  notify  the  te.hnicun. 

CLOUD  HEIGHT  SET  AN/GMQ- 1 3(  ) 

The  AG\  responsibility  for  maintenance,  tests 
and  cnlibration  of  the  Cloud  Height  Set 
AN/GNfO-13(  )  is  very  limitecL  It  consists  pri- 
marily of  performing  the  rec|uired  weekly 
checks.  This  includes  insuring  that  scheduled 
checks  inspections  and  reijuired  preventive 
maintenance  have  been  performed. 


PREVENTIVE  MAINTENANCE 
INSPECTIONS  AND  CHECKS 

To  insure  that  required  maintenance  is  per- 
Ibrnied  on  schedule,  a  preventive  maintenance 
checkoff  list  should  be  maintained.  This  list 
should  follow  a  similar  format  to  that  used  tor 
the  AN/GMQ-IO  as  illustrated  in  llgurcs  18-1 
and  lcS-2  of  the  chapter.  The  tbilowing  para- 
graphs indicate  the  checks,  inspections,  and 
preventive  maintenance  which  should  be  per- 
formed weekly  Dy  the  AG\s.  For  details  on  the 
accomplishment  of  these  functions,  sec  chapter 
10,  AG  3  &  2,  NT  10363-D,  or  the  Operation 
and  Service  Instructions  Manual,  Cloud  Height 
Set  AN/GM0-I3C,  NA  50-30GMQI 3-3. 
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Table  18-1.  Swilcli  setting  and 
test  data  for  Converter  Indicaior 
GroupOA-7900/GMO-IO(  ). 


Switches 

K  V  K  \  <nuc 

P\/P   1  lnl\i 

K  V  K  Llglll 

oci  ling 

Day-Night 

Mode 

lyispiayeci 

LoJ 

T I 
1  1 

iJc,y 

1  Z 

1  o 

Udy 

1  ^ 

AO 

1  1 

uo 

TO 

1  o 

ij*.iy 

1  J 

AO 

L/tiy 

i  1 

LS5 

Day 

TO 

04 

LS5 

Day 

T3 

62 

Loo 

Mirrh  f 
iNlgll  I 

Tl 

08 

LS3 

Night 

T2 

38 

LS3 

Night 

T3 

02 

LS4 

Night 

Tl 

08 

LS4 

Night 

T2 

46 

LS4 

Night 

'i'3 

62 

LS5 

Night 

Tl 

08 

LS5 

Night 

T2 

54 

LS5 

Night 

T3 

62 

NOTHS 1 

.  This  table 

IS  to  be  used  lor  the 

accelerated  test  only. 

2.  RVR  values  displayed   may  be 
within  +0.-  1  of  the  values  indicated. 

3.  Switches  do  not  liave  to  be  set  in 
the  order  shov/n  above. 


Projector 

1.  Clean  the  retlectors  and  donie  cover  with  a 
clean  soft  cloth  dampened  with  ethyl  alcohol. 

2.  Check  the  lamps  for  blisters,  discoloration, 
and  replace  if  marred,  if  lamps  need  replacing, 
always  replace  both  and  insure  1/8-inch  clear- 
ance of  bulb  and  shutter;  1/16-inch  is  minimal. 

3.  Check  for  oil  leakage  near  the  gearbox  and 
drive  motor. 

Indicator 

1 .  Clean  the  air  intake. 

2.  Clean  the  top  plastic  with  water  and  a 
clean  cloth. 
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3,  Check  calibration  weekly  to  position  2  to 
check  18-deuree  markers. 

Detector 

1.  Clean  the  glass  cover  inside  and  out  using 
clean  cloth  and  alcohoK 

2.  Clean  the  reilector  with  a. swab  of  cloth 
and  alcohol.  Using  clean  cloths  each  time,  repeat 
the  process  until  no  dirt  remains  on  the  swabs, 

3.  luiler  condition  of  reflector  on  checkoff 
list. 

4.  Stop  and  start  to  check  for  smoothness  ot 
operation. 

5.  Turn  on  drive  motor  and  note  motion  of 
rotary  mount.  Check  for  noise. 

Recorder 

Taking  care  of  the  recorder  (fig.  18-5)  takes 
very  little  time.  Like  any  piece  of  precision 
equipment,  continued  high  level  of  operating 
results  can  be  assured  by  following  a  few  simple 
piocedures. 

Aerographer's  Mates  normally  perform  the 
following  functions: 

1 .  The  helix  and  helix  strip  should  be  cleaned 
with  each  change  of  paper  or  after  any  extended 
idle  period 

2.  The  paper  supply  tray  should  be  cleaned 
before  each  new  roll  of  paper  is  to  be  installed. 

3.  The  drum  and  cradle  assembly  should  be 
cleaned  after  every  1,500  to  2,000  hours  of 
operation. 

4.  Install  new  rolls  of  paper  in  accordance 
with  the  basic  manual  of  instructions.  Make  sure 
that  the  recorder  cover  is  securely  closed  after 
installing  the  roll  of  paper  so  that  it  will  not  dry 
out.  After  installing  the  paper  in  the  recorder,  be 
sure  that  it  is  flat,  smooth,  and  moist.  This  will 
assure  the  best  marking  condition. 

5.  If  the  degree  marks  are  lia'/.y,  wider  than 
usual,  or  fading  out.  open  the  cover  of  the 
recorder  and  make  sure  the  blade  is  moving,  if 
the  blade  is  not  moving,  or  is  rough  in  certain 
areas,  check  the  blade  drive  unit  and  replace  the 
blade.  In  order  to  maintain  clear  and  accurate 
marking,  be  sure  that  the  blade  is  against  its 
stops. 
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(ENDLESS  LOOP  ELECTRODE) 


Figure  18-5.-Open  vi< 

6.  Replacing  the  helix  and  the  blade  (endless 
loop  electrode)  should  be  accomplished  as 
needed  in  accordance  with  instructions  in  the 
technical  manual  for  this  piece  of  equipment. 

7.  The  only  motor  within  the  unit  which  will 
need  lubrication  is  the  paper  feed  drive  motor. 
This  motor  should  be  lubricated  (with  the  oil 
supplied)  at  the  two  oil  holes  at  either  end  of 
the  motor  shaft.  It  should  be  lubricated  every  6 
months. 

TROUBLESHOOTING  AND  REPAIR 

Troubleshooting  and  repair  other  than  that 
listed  previously  under  the  responsibilities  for 
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ceiiometer  recorder. 

AG  personnel  are  performed  by  ship,  station,  or 
contract  electronic  personnel.  Details  for 
accomplishing  the.se  functions  are  found  in  the 
Operation  and  Service  Instructions  Manual. 

LUBRICATION 

The  trunnion  shaft  bearings  and  the  drive 
pulley  bearings  of  the  projector  require  semi- 
annual lubrication.  (See  fig.  18-6.)  No  lubrica- 
tion is  required  for  the  motors,  or  for  any  of  the 
detectors  components.  Details  for  performing 
this  lubrication  are  found  in  the  Operation  and 
Service  Instructions  Manual. 
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Figure  18-6.-Projector  lubrication  diagram. 


SEMIAUTOMATIC  METEOROLOGICAL 
STATION  AN/GMQ^14(  ) 

The  extensive  use  of  the  AN/GMQ-14  in 
measuring  and  recording  surface  environmental 
data  makes  its  operating  condition  directly 
related  to  the  accuracy  of  the  data  derived 
through  its  use.  It  is  therefore  essential  that 
Aerographer's  Mates  be  famiiiar  with  the  use  and 
care  of  this  important  meteorological  measuring 
and  recording  system. 

CALIBRATION 

CaHbration  of  the  AN/GMQ-14(  )  is  per- 
formed by  the  Aerographer's  Mate  as  described 
in  the  following  paragraphs.  Prior  to  commenc- 
ing calibration,  first  wash  and  moisten  the 
dewcel  element  as  described  in  chapter  ^.  AG  3 
&2.NT  10363-D. 

Dew  Point  Transmitter 

A  partial  cut-away  view  of  the  dew  point 
transmitter  and  dewcel  assembly  are  illustrated 
in  figure  18-7, 


To  calibrate  the  dewpoint  transmitter,  use  the 
following  procedure: 

1.  Prepare  two  containers  of  water.  Insert  an 
accurate  thermometer  in  each  one;  keep  one 
bath  at  SS^'F  and  the  other  at  I70''F,  approxi- 
mately. 

2.  Remove  the  dewcel  from  its  protector,  and 
remove  the  temperature  bulb  from  the  perfo- 
rated guard. 

3.  Immerse  the  bulb  in  the  lower  temperature 
bath;  stir  well  for  about  I  minute.  The  tempera- 
ture indicated  by  the  thermometer  may  be 
assumed  to  be  the  temperature  of  the  dewcel. 
Convert  this  reading  to  dewpoint  temperature 
using  the  chart  shown  in  figure  18-8. 

4.  Adjust  the  connecting  link  by  means  of 
the  adjusting  screw  (fig.  18-7)  so  that  the  scale 
reading  is  the  same  as  the  dewcel  reading. 

5.  Immerse  the  dewcel  bulb  in  the  higher 
temperature  bath  (170''F);  stir  for  about  1 
minute.  Convert  the  thermometer  to  dewpoint 
reading  and  compare  with  reading  now  indicated 
on  the  data  scale. 

6.  If  scale  reading  is  low,  turn  the  calibration 
thumbscrew  clockwise  to  adjust.  If  the  scale 
reading  is  high,  turn  the  calibration  thumbscrew 
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DEWCEL  PROTECTOR 


Figure  18-7.--Dewpolnt  transmitter  and  dewcel  assembly. 
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in  the  opposite  direction.  Adjust  the  reading  of 
the  data  arm  by  means  of  the  adjusting  screw  as 
mentioned  in  step  4. 

CAUTION:  Do  not  alter  the  position  of  the 
''factory  set''  thumbscrew;  this  is  a  compensa- 
tion adjustment  made  at  the  factory  and  should 
not  be  moved. 

7.  Repeat  step  6  using  the  first  container 
(55^F)  again.  Continue  this  process  using  the 


two  baths  alternately  until  the  error  is  elimi- 
nated from  the  scale  reading. 

Air  Temperature  Transmitter 

The  calibration  of  the  air  temperature  trans- 
mitter is  done  in  a  similar  manner  as  the 
calibration  of  the  dewpoint  transmitter,  except 
that  the  temperature  of  the  baths  should  be 
10°F  and  80°F,  approximately,  and  there  is  no 
need  for  temperature  conversion.  The  thermom- 
eter readings  may  be  used  directly. 
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Figure  18-8.-Ambient  temperature  to  dewpoint  temperature  conversion  chart. 


Dewpoint  Receiver 


i.  Compare  the  readings  on  the  transmitter 
indicator  with   the  reading  on  the  receiver 


To  calibrate  the  dewpoint  receiver  one  must  indicator, 
first  calibrate  the  dewpoint  transmitter  as  de- 
scribed in  ths  preceding  paragraphs.  Then  pro- 
ceed as  follows: 


2.  Adjust  the  receiver  indicator  reading  to 
agree  with  the  transmitter  indicator  reading. 
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Air  Tem|)cratnre  Receiver 

Calibration  of  the  air  temperature  receiver  is 
similar  to  that  of  the  clewpoint  receiver,  except 
that  the  air  temperature  receiver  indicator  is 
compared  with  the  air  temperature  transmitter 
indicator. 

MAINTENANCE 

The  maintenance  that  Aerograplier's  Mates 
are  required   to   perform  on  Semiautomatic 
Meteorological  Station  AN/GMQ-I4(  )  is  dis- 
cussed in  chapter  9  of  Aerograplier  s  Mate  3  &  ^ 
NavTra  10363-D. 

The  tests  that  are  performed  on  the  electronic 
components  of  this  equipment  are  made  by 
qualified  technical  personnel  only. 

WEATHER  TELEVISION  SYSTEMS 

The  consoles  of  the  Weather  Television  Sys- 
tem AN/GMQ-I9(  )  currently  in  use  and  its 
replacement.  Weather  Television  System  AN/ 
GMQ-27(  )  are  illustrated  in  figures  I8-9(A)  and 
(B). 

There  are  a  number  of  modifications  which 
have  been  incorporated  into  the  newer  AN/ 
GMQ-27.  However,  these  changes  are  primarily 
improvements  in  solid  state  circuitry,  camera 
design,  etc.  Maintenance  procedures  performed 
by  contract  or  station  electronic  personnel  have 
changed  to  some  degree.  The  minor  preventive 
maintenance  required  of  the  Aerographer's  Mate 
remains  relatively  unchanged  and  will  be  dis- 
cussed later  in  this  section.  The  system  arrange- 
ment and  related  functions  have  remained  rela- 
tively stable  and  are  brielly  presented  in  the 
following  paragraphs. 

SYSTEM  ARRANGEMENT 

All  components  of  the  central  weather  station 
are  mounted  within  or  on  the  metal  cabinet 
assembly.  Two  rear  access  doors  are  provided 
which  are  hinged  and  will  lift  off.  The  light  table 
on  the  right  side  of  the  console  contains  six 
fluorescent  lamps  beneath  a  glass  plate  and 
diffusion  glass  cover.  Two  150  watt  Hoodlights 
are  provided  for  opaque  illumination  when  not 
using  the  light  table  for  transparent  illumination. 


The  camera  assembly  with  its  component 
parts  is  mounted  rigidly  to  the  top  of  the 
cabinet  over  the  light  table.  A  covered  housing 
protects  the  lens  zoom  and  focus  motors. 

The  recorder  is  located  just  above  the  video 
screen  in  the  left  section  of  the  console.  It  is  a 
single  channel.  24  hour,  magnetic  tape  recording 
and  rerroducing  unit  designed  to  record  from 
eilher  a  microphone,  a  telephone,  or  a  direct 
line.  It  will  record  continuously  for  24  hours 
(plus  a  15  minute  overtime  allowance)  without 
tape  change.  Cranks  are  provided  on  the  reel 
spindles  for  manually  advancing  or  rewinding 
tapes.  The  tape  motor  is  driven  in  the  forward 
direction  only  and  must  be  rewound  manually. 
A  portable  tape  demagnetizer  is  provided  with 
the  unit  for  degaussing  of  the  magnetic  record- 
ing tape.  The  unit  will  degausse  a  2-inch  roll  of 
magnetic  recording  tape  in  5  to  10  seconds. 

The  audio  system  permits  two  way  voice 
communications  between  the  central  weather 
station  and  the  remote  stations.  An  audio  and 
video  selectivity  system  is  provided  to  permit 
briefing  any  remote  station  in  private,  or  the 
entire  ,system  simultaneously  at  the  briefer's 
option. 

Control  panels  on  the  console  contain  all  the 
neces,sary  switches  and  controls  for  operation  of 
the  system. 

The  television  monitors  used  at  remote  loca- 
tions consist  of  a  21 -inch  television  monitor 
mounted  in  a  metal  case  assembly.  Normal 
television  controls  pertaining  to  contrast,  bright- 
ness, etc..  are  provided  on  the  front  panel. 

CHECKING  OPERATION 

The  weather  television  system  should  be 
checked  daily  for  proper  operation.  Both  the 
video  and  audio  portions  should  be  activated, 
with  checks  of  reception  at  remote  stations 
being  made.  If  faulty  operation  is  noted  during 
the  daily  check,  proper  maintenance  personnel 
should  be  notified. 

nIAINTENANCE 

Contract  employees  or  station  electronics 
personnel  perfonn  the  required  electrical  and 
electronic  maintenance  on  weathervision  sys- 
tems. However,  there  are  a  number  of  minor 
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Figure  18'9.-(A)  Weather  Television  System  AN/GMQ-19(  Iconsole; 
(B)  Weather  Television  System  AN/GMQ-27(  )  console. 


preventive  maintenance  tasks  and  inspections 
which  may  be  performed  by  the  Aerographer's 
Mate.  These  are  limited  to  the  inspections, 
checking  of  switches,  and  cleaning  described  in 
the  following  paragraphs. 

Chassis  Assembly  Components 

The  components  of  all  chassis  assemblies 
should  be  inspected  for  dirt,  rust,  or  corrosion 
on  a  monthly  basis  under  normal  conditions.  If 
the  equipment  is  located  under  exceptionally 
hot,  humid,  or  windy  and  dusty  conditions,  or 
in  the  proximity  of  salt  water,  these  inspections 
should  be  conducted  weekly. 

If  cleaning  is  required,  remove  grease  and  oil 
from  the  chassis  and  cabinets  using  cleaning 
solvent,  Federal  Specification  P-S-661,  or  equal. 


To  clean  painted  panels  use  cleaning  compound 
Military  Specification  MIL-C-1 8687,  and  warm, 
clean  water.  Rinse  with  clean  water. 

CAUTION:  If  solvent  is  used  be  sure  the  area 
is  well  ventilated.  Do  not  inhale  solvent  vapors 
or  allow  solvent  to  come  in  contact  with  the 
skin.  Keep  solvent  away  from  open  flame. 

Television  Viewers 

The  glass  on  the  front  of  the  television 
viewers  should  be  cleaned  weekly  under  normal 
conditions;  if  other  than  normal  conditions 
exist,  they  should  be  cleaned  daily. 

If  cleaning  is  required  use  a  soft  cloth  soaked 
in  aliphatic  naphtha  Federal  Specification 
TT-N-95A.  Polish  with  a  clean  dry  cloth. 
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Console  Light  Table 

The  phistic  cover  on  the  console  light  table 
should  be  cleaned  weekly  unless  required  more 
often  due  to  windy  and  dusty  conditions. 
Cleaning  should  be  accomplished  by  washing 
with  a  soft  cloth  and  warm,  clean  water  and 
then  polishing  with  a  soft  dry  cloth. 

The  lamps  in  the  console  light  table  should  be 
checked  daily  to  insure  that  they  are  operating 
properly. 

WEATHERVISION  PRESENTATION 

Weathervision  systems  have  proven  to  be  a 
valuable  tool  in  the  weather  briefing  situation  at 
stations  where  they  have  been  installed.  Figure 
1 8-1 0(A)  and  (B)  shows  some  of  the  types  of 
weather  data  that  can  be  presented  on  weather- 
vision  equipment. 


(A)  SURFACE  WEATHER  MAP  WITHOUT  STATION  MODELS 


RAOAR  SUMMARY  CHART 
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Figure  ie-10.-Typical  weather  vision  transmissions. 
(A)  Surface  weather  map;  (B)  radar  summary  chart. 


METEOROLOGICAL  RADAR 

Radar  and  weather  are  very  closely  allied.  The 
use  of  radar  has  provided  meteorologists  with  a 
tool  which  permits  the  collection  of  atmospheric 
data  under  conditions  when  the  more  orthodox 
methods  fail.  On  the  other  hand,  a  knowledge  of 
atmospheric  conditions  provides  the  radar  opera- 
tor with  information  vital  to  the  accuracy  of  his 
results. 

The  word  radar  was  derived  from  the  phrase 
**radio  detection  and  ranging."  Fundamentally, 
all  radar  depend'^  upon  the  emission  of  a  sho«t 
sharp  pulse  of  e.cctromagnetic  energy  in  a  given 
direction.  This  pulse  on  intercepting  a  target  is 
scattered  in  all  directions.  That  part  of  the 
energy  which  is  scattered  in  the  direction  of  the 
radar  is  picked  up  by  the  radar  antenna,  produc- 
ing an  echo  or  **blip"  on  the  receiver  scope.  The 
time  takon  for  the  pulse  to  cover  the  path  to  the 
target  .rad  return  is  a  measure  of  the  range  to  the 
target.  Azimuth  and  elevation  of  the  target  are 
determined  from  the  direction  in  which  the 
pulse  is  emitted  and  returned. 

Since  the  electromagnetic  pulse  travels  with 
the  speed  of  light,  range  is  determined  by  a 
timing  procedure.  At  the  instant  the  pulse  leaves 
the  antenna,  a  timing  device  starts  counting. 
When  the  return  echo  reaches  the  antenna,  the 
counting  is  stopped.  The  distance  to  the  target  is 
equal  to  one-half  the  distance  traveled  by  the 
pulse. 

RADAR  INDICATORS 

The  purpose  of  the  indicator  (cathode  ray 
tubes)  in  a  radar  is  to  display  information  to  the 
Aerographer's  Mates  about  the  range,  bearing, 
and  elevation  of  surrounding  targets.  In  general, 
information  is  presented  piecemeal,  and  a  sia?le 
viewing  of  an  indicator  gives  only  a  small  part  of 
the  picture.  Different  types  of  radar  scans  are 
employed  to  display  wanted  information  from 
returning  echoes  on  the  different  indicators. 

A-Scan  Presentation 

The  simplest  type  of  display  is  the  A-scan 
presentation,  which  is  illustrated  in  figure  18-11. 
The  display  is  one  which  gives  return  signal 
intensity  against  range.  This  display  shows  only 
the  range  to  a  target. 
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Figure  18-11.-General  appearance  of  A-type  scan  pres- 
entation as  it  would  appear  on  the  range  indicator 
CRT. 

If  the  target  is  a  single,  discrete  object  such  as 
an  aircraft,  the  bearing  of  the  target  can  be 
found  by  moving  the  antenna  horizontally  to 
the  position  of  maximum  signal  intensity  (high- 
est pip).  Changing  the  angle  of  elevation  of  the 
antenna  to  get  maximum  signal  intensity  pro- 
vides information  concerning  the  elevation  of 
the  target.  The  horizontal  and  vertical  limits  of  a 
rainstorm  can  be  found  in  much  the  same  way 
by  noting  the  positions  of  the  antenna  at  which 
the  return  drops  below  a  detectable  level. 

R-Scan  Presentation 

The  R-type  scan  is  almost  identical  to  the 
A-type.  The  signal  intensity  is  given  as  a  fun-j- 
tion  of  range.  Essentially,  the  difference  be- 
tween the  two  is  that  the  A-scan  presentation 


displays  the  total  range  starting  at  0  range  oh  the 
left  of  the  scope  and  ending  at  any  orte  of 
several  ranges  selected;  the  R-scan  presentation 
isolates  a  portion  of  the  range  scale  and  expands 
it  across  the  entire  face  of  the  tube.  Thus, 
perhaps  only  the  range  between  20  and  40  miles 
is  displayed,  or  any  other  range  interval  maybe 
selected, 

PPIScope 

Another  type  of  display  commonly  uSed  in 
radar  is  termed  plan  position  indication  (PPI)« 
This  display  makes  it  possible  to  read  range  and 
bearing  information  simultaneously.  A  diagram 
of  a  basic  PPI-scope  is  shown  in  figure  18-12. 


PRECIPITATION 
ECHOES 
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Figure  18-12.-Diagram  of  PPI-scope. 

In  essence,  with  the  PPI-scope,  the  sweep 
starts  at  the  center  of  the  tube  instead  of  at  one 
^dge  as  it  does  on  the  A-scope.  As  the  antenna 
rotates  around  a  360""  circle,  the  sweep  rotates 
simultaneously.  The  intensity  of  the  sweep 
display  is  modified  by  the  presence  of  a  return 
signal.  Thus,  the  position  of  a  target  is  indicated 
at  the  correct  azimuth  and  range  by  a  bright 
spot  on  the  display  tube.  A  maplike  picture  is 
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thus  produced  on  the  tube  as  the  antenna 
rotates  in  the  azimuth  plane. 

RHI-Scope 

The  range  height  indicator  (RHI)  is  another 
scope  occasionally  found  on  radar  equipment. 
Its  function  is  not  unlike  that  of  the  PPI  except 
that  when  this  scope  is  used,  the  azimuth  of  the 
antenna  is  kept  fixed  while  the  antenna  moves 
from  viewing  at  0"^  elevation  to  a  predetermined 
elevation.  The  sweep  always  starts  at  the  lower 
left-hand  side  of  the  cathode  tube  and  moves 
with  the  antenna  as  it  oscillates  vertically. 

Range  Markers 

Each  of  the  conventional  scopes  provides  for 
some  direct  indication  of  range  by  display  of 
range  markers.  The  range  markers  may  be  turned 
on  or  off  and  may  be  varied.  When  the  scope  is 
set  for  10-  or  25-mile  display,  range  markers  at 
1-  or  5-mile  intervals  are  convenient.  At  100, 
200,  or  400  miles.  25-  or  100-mile  markers  are 
frequently  used. 

RADAR  EQUIPMENT 

Meteorological  radar  provides  a  unique  means 
of  obtaining  meteorological  data  for  use  by  the 
forecaster  when  issuing  warnings  and  other 
environmental  forecasts.  As  weather  require- 
ments continue  to  expand  and  change,  new 
designs  and  mofifications  to  meteorological 
radar  will  continue  to  appear  in  the  effort  to 
improve  and  keep  pace. 

The  Meteorological  Radar  Set  AN/FPS-106  is 
the  newest  model  of  radar  designed  for  meteoro- 
logical use.  A  limited  number  of  these  have  been 
manufactured  and  put  into  operation  at  this 
time.  The  AN/FPS-81  meteorological  radar  is 
the  most  common  set  in  use  in  the  Navy  today. 
Tliere  are  however,  older  models,  FPS-41,  and 
FPS-68,  which  are  still  in  operation  and  may  be 
encountered.  Since  there  are  many  similarities 
between  the  FPS-41,  FPS-6S,  and  FPS-8l,and 
the  FPS-106  is  in  such  limited  use,  only  the 
FPS-81  will  be  discussed  at  length  in  this 
manual;  brief  mention  will  be  made  of  the  older 
models  where  notable  differences  exist. 


Purpose  of  Equipment  (AN/FPS-81 ) 

Meteorological  Radar  Set  AN/FPS-81  is  a 
ground-based  radar  system  used  to  establish  the 
geographic  locations  of  storm  centers  relative  to 
a  fixed  base  reference  site.  The  equipment  is 
capable  of  detecting  storm  centers  within  a 
radius  of  200  nautical  miles.  Radar  echo  signals 
from  concentrations  of  high  moisture  content 
are  presented  on  cathode-ray  tube  (CRT)  indi- 
cators in  such  a  manner  as  to  convey  the 
positions  of  storms  in  terms  of  azimuth,  slant 
range,  and  elevation  (height).  The  radar  echo 
.signals  may  be  displayed  with  iso-eclio  contour- 
ing, if  desired,  to  provide  maximum  clarification 
of  storm  configurations. 

Limitations 

The  antenna  may  be  made  to  scan  manually 
in  both  planes  (a^inluth  and  elevation)  simulta- 
neously, or  it  will  .scan  automatically  in  one 
plane  while  manual  .search  is  conducted  in  the 
other.  The  antenna  will  not  scan  automatically 
in  both  planes  sinuiltaneou.sly.  Radar  targets  will 
not  normally  be  visible  at  less  than  a  1-mile 
range. 

Component  Parts 

Meteorological  Radar  Set  AN/FPS-81  consists 
of  an  antenna  a.s.sembly,  a  receiver-transniitter- 
modulator  (RTM)  assembly,  an  indicator  con- 
sole, and  a  remote  indicator  assembly.  (See  fig. 
18-130  The  antenna  may  be  separated  from  the 
RTM  assembly  by  a  maximum  distance  of  100 
feet;  the  indicator  console  may  be  located  up  to 
2,600  feet  from  the  RTM  assembly;  and  the 
remote  indicator  assembly  may  be  operated 
5,300  feet  from  the  indicator  console.  The 
major  portion  of  the  system  circuitry  is  con- 
tained in  modular  units  of  the  plug-in  type  to 
simplify  and  expedite  maintenance  procedures. 

ANTENNA  ASSEMBLY.  The  antenna  group 
(fig.  18-1 4(D))  consists  of  a  spun  aluminum 
parabolical  dish,  measuring  8  feet  in  diameter;  a 
horn-shaped  reflector  feed;  and  an  azimuth 
pedestal.  Radar  illumination  of  target  areas  up 
to  200  nautical  miles  away  is  provided  by  the 
anteima  which  directs  and  concentrates  the 
high-level  RF  (radiofrequency)  energy  into  a 
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Figure  18-13.-Meteorological  Radar  Set  AN/FPS-81.  (A}  Indicator  Group  OA-3871/FPS-81;  (B)  Indicator  Group 
OA-3872/FPS-81;  (C)  Receiver-Transmitter,  Radar  RT-658/FPS-81;  (D)  Antenna  Group  OA-3870/FPS-81. 
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narrow  beaiiK  The  radiated  beam  is  a  burst  of 
energy  generated  in  the  frequency  band  of  5.450 
to  5.650  megahertz  and  pulsed  324  times  per 
second  for  a  duration  of  2  microseconds.  During 
the  unpulsed  portion  of  the  pulse  repetition 
inter\'aL  radar  echoes  are  returned  from  target 
areas  to  be  detected  by  the  antenna  and  fed  to 
amplifying,  timing,  and  indicating  circuits 
throughout  the  system. 

Control  of  the  antenna  may  be  accomplished 
manually  or  automatically.  Each  mode  of 
antenna  scanning  permits  separate  control  of 
azimuth  motion.  In  automatic  azimuth  .scanning, 
the  antenna  scans  360^  at  a  constant  rate  of  5 
rpm.  In  automatic  elevation  scanning,  the  an- 
tenna nods  continuously  from  +60^  to  -2^ 

RCCEIVER-TRANSMITTER-MODULATOR 
(RTM)  ASSEMBLY.  The  receiver-transmitter 
a.s.sembly  (fig.  1 8-1 4(C))  contains  the  electronic 
components  required  to  transmit  and  receive  the 
RF  .signals.  Controls  nre  provided  for  the  adjust- 
ment of  output  power  nnd  transmitter  !/e- 
queiicy.  The  magnetron  oscillator  in  the  tnins- 
niittcr-niodulator  .section  of  the  RTM  a.s.sembly 
generates  RF  energy  bursts  which  are  radiated 
by  the  anteimn  system. 

INDICATOR  CONSOLE.  The  indicator  con- 
.sole,  from  which  the  entire  system  may  be 
controlled  and  monitored,  houses  the  range/ 
height  indicator  (RHI).  the  plan  position  indica- 
tor (PPI).  and  the  Range  Indicator  as  illustrated 
in  figures  I8-1 3(A)  and  18-14. 

A  power  panel  on  the  rear  of  the  indicator 
console,  mounted  between  the  PPI  and  range 
indicator  assemblies,  accepts  1 15-voIt.  60-cycle. 
a-c  power  for  distribution  to  the  entire  .system. 

PLAN  POSITION  INDICATOR  (PPI).  The 
PPI.  located  in  the  center  portion  of  the 
indicator  console,  presents  range  and  azimuth 
information  in  a  plan  view  (as  seen  from  zenith 
directly  over  the  radar  site). 

RANGE/HEIGHT  INDICATOR  (RHI).  The 
RHI  indicator  occupies  the  left  side  of  the 
indicator  console  and  presents  range  and  height 
information.  Range  information  is  displayed 
along  the  horizontal  axis  of  the  RHI  di.splay, 
while  height  data  appears  along  the  vertical  axis. 
Selection  may  be  made  of  two  height  scales. 
0-40,000  feet,  or  0-80.000  feet. 

The  RHI  assembly  contains  the  circuits  which 
resolve  the  height  component  of  a  selected 


1.  Range  Indicator  IP-644/ 
FPS-81 

2.  Range  Height  Indicator 
IP-643/FPS-81 

3.  Right-hand  control 
panel 

4.  Azimuth  Range  Indica- 
tor  IP-642/FPS-81 

5.  Left-hand  control  panel 
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6.  Desk 

7.  Cabinet 

8.  Elapsed-tlme  Meter 
IVI7201 

9.  AmpIifier*Power  Sup- 
ply  AIV!-3306/FPS'81 

10.  Power  Circuit  Breaker 
CB7201 

11.  Phone  jack 


Figure  18-14.-Indlcator  console,  AN/FPS-81, 
assembly  locations. 


target  from  inputs  of  slant  range  and  antenna 
elevation  angle.  The  height  video  signal  dis- 
played on  the  RII!  is  automatically  corrected  for 
eaitli  curvature  at  all  ranges  within  the  capabil- 
ities of  the  radar  set.  Antenna  scanning  in 
elevation  is  controlled  from  the  RIII. 

RANGE  INDICATOR.  The  range  indicator, 
housed  in  the  upper  right-hand  .section  of  the 
indicator  console,  features  a  .standard  A-scan 
5-inch  cathode-ray  tube,  which  also  contains  a 
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ranging  function.  R,nigc  infornuition  (A-suin)  is 
displayed  along  the  horizon tal  axis  of  the  CRT 
display.  The  R-prcscntation  along  the  horizontal 
axis  consists  of  a  continuously  variable  range 
strobe  which  may  be  superimposed  manually 
over  the  target  echo  pulse  to  provide  precise 
ranging  data.  The  range  strobe,  generated  within 
the  range  indicator  assembly,  represents  a  range 
interval  5  miles  in  depth.  By  actuating  a  switch 
to  select  the  R-scan,  this  range  interval  may  be 
expanded  to  fill  the  range  indicator  screen,  per- 
mitting a  more  detailed  analysis  or  photography 
of  the  echo  trace  ,selected  by  the  range  strobe 
,setting.  The  selected  range  strobe  also  drives  a 
decimal  digital  device  on  the  front  panel  which 
presents   the  actual  range  in  nautical  miles. 

Sweep  timing  circuits  permit  selection  of 
sweep  ranges  of  30,  60,  120,  and  200  nautical 
miles.  Range  markers  may  be  displayed  along 
the  horizontal  display  baseline  at  intervals  repre- 
,senting  5-,  I0-.  2,S-,  and  50-miIe  range  incre- 
ments. The  range  indicator  includes  self- 
checking  circuitry  which  enables  the  operator  U> 
check  the  accuracy  of  the  range  marker  signals 
for  all  ranges  simply  and  quickly. 

REMOTE  INDICATOR.  The  remote  indica- 
tor assembly,  which  may  be  located  up  to  5,300 
feet  from  the  indicator  console,  provides  a 
repeat  display  of  the  information  presented  by 
the  local  indicator  at  the  indicator  console 
Video  and  synchroni/.ing  signals  for  the  remote 
indicator  are  supplied  by  the  console  local 
indicator  assembly.  The  sweep  trace  on  the 
remote  indicator  rotates  in  synchroni,sm  with 
the  antenna  scanning  motion  in  azimuth. 

PREVENTIVE  MAINTENANCE 

Radar  equipment  is  complex  electronic  equip- 
ment: therefore,  sen'icing  and  maintaining  of 
this  equipment  is  the  responsibility  of  the 
electronics  technicians.  Aerographer's  Mates'  re- 
sponsibilities only  include  keeping  the  exterior 
of  the  equipment  clean  and  promptly  reporting 
internal  difficulties  to  the  responsible  tech- 
nician.s. 

METEOROLOGICAL  RADAR 
SET  AN/FPS-4! 

The  components  are  essentially  the  same  as 
those  for  the  AN/FPS-SI,  except   that  the 
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transmit-receive  units  are  in  the  same  assembly 
with  the  reflector. 

Other  important  differences  are  that  the 
remote  indicator  can  only  be  mounted  a  maxi- 
mum  distance  of  500  feet  from  the  main 
console,  the  range  is  from  250  nautical  miles  to 
1/2  mile,  the  indicator  console  is  divided  into  six 
panels  instead  of  three  on  the  AN/FPS-81,  and 
the  controls  are  divided  among  the  upper  and 
lower  panels,  whereas  on  the  AN/FPS-81  the 
controls  are  located  on  the  panel  with  the  three 
scopes, 

METEOROLOGICAL  RADAR 
SET  AN/FPS-68 

The  AN/FPS-08  meets  basically  the  same 
contract  specifications  as  the  AN/FPS-81,  but  is 
not  as  compact  and  modern  in  design. 

SAFETY  PRECAUTIONS 

High  voltage  is  used  in  the  operation  of  all 
radar.  Extremely  dangerous  voltages  exist  in  the 
receiver,  transmitter,  modulators,  main  console, 
and  remote  indicator.  Death  on  contact  may 
result  if  operating  personnel  fail  to  observe 
safety  precautions.  Only  authorized  operation  of 
equipment  should  be  carried  out  by  the  oper- 
ator. All  operators  must  know  how  to  secure 
main  power,  both  remote  and  locally,  to  the  set 
in  ase.  All  operators  must  know  how  to  apply 
artificial  respiration  and  how  to  contact  im- 
mediate medical  aid. 

FACTORS  AFFECTING 
RADAR  PERFORMANCE 

There  are  many  factors,  or  elements,  that 
affect  efficient  radar  performance,  not  all  of 
which  arc  completely  understood.  Many  of  the 
limitations  of  the  equipment  are  a  result  of  radar 
design.  If  you  recognize  these  limitations  and 
their  causes,  you  will  be  better  able  to  determine 
the  type  of  performance  to  be  expected  from 
your  radar. 

One  important  factor  is  the  radar  operator's 
knowledge  of  this  equipment.  He  must  know  the 
maximum  and  minimum  ranges  at  which  he  can 
expect  to  pick  up  the  weather  echoes  and  the 
range  and  bearing  accuracy  of  the  gear.  These 
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chanictcristiLs  ^.*ul  he  dcleiniinccl  lor  your  par- 
ticular set  froni  the  applicable  tcchniLal  manual. 
In  tlii^  NCction  of  the  chapter  only  those  factors 
which  generalK  aflcM  all  raUar  equipment  arc 
discussed. 

Frc-(|uency 

iTcquency/wavelength  determines  the  effi- 
ciency with  which  radar  energy  is  scattered  by  a 
target  The  closer  the  wavelength  of  the  railar 
energy  is  to  the  size  of  the  target,  the  more 
efficiently  the  target  scatters  the  radiation. 
Targets  not  only  scatter  radar  energy,  they  also 
absorb  it  This  is  >vhy  some  wavelengths  do  not 
penetrate  some  target.  Loss  of  radar  energy  as  a 
result  of  two  factors,  scattering  and  absorption, 
is  known  as  attciuiation.  For  meteorological 
phenomena,  the  targets  are  the  water  droplets  or 
ice  particles  in  (he  clouds  and  areas  of  precipita- 
tion, A  20-cm  radar  would  detect  the  large 
raindrops  of  a  thnnderstorm,  but  would  not 
detect  the  small  raindrops  and  cloud  droplets. 
On  the  olher  hand,  a  3-cm  radar  would  detect 
the  small  droplets,  but  the  energy  would  be  so 
rapidly  dissipated  b>  absorption  and  scattered 
so  effectively  by  the  small  droplets  on  the  near 
side  of  the  cloud  that  no  energy  would  penetrate 
to  the  back  side. 

Pulse  Length 

The  pulse  length  is  a  factor  in  determining  the 
maximum  and  minimum  range  at  which  a  target 
can  he  detected  and  the  power  of  resolution 
(degree  to  which  detaiLs  .an  be  distinguished). 

1.  iMinimuin  range.  If  a  target  is  so  close  to 
the  ladarsite  that  the  reflected  energy  returns  to 
the  antenna  before  the  trailing  edge  of  the  pulse 
has  left  the  transmitter,  it  will  not  be  detected 
because  it  will  uturn  while  the  receiver  is  not 
listening. 

2.  Maximum  range  The  rellected  radar  signal 
must  be  above  the  minimum  energy  level  to 
which  the  radar  will  respond.  Long  pulses 
contain  moie  energy  than  short  pulses,  there- 
fore, distant  targets  and  weak  targets  are  more 
likely  to  be  detected. 

3.  Resolution.  Whether  two  targets  located 
on  1-ie  same  a/imuth  from  the  radar  site  will  be 
detected  as  one  echo  or  as  two  depends  on  the 


pulse  length.  All  the  rellected  energy  from  the 
closest  echo  must  have  returned  to  the  antenna 
before  the  rellected  energy  from  the  second 
echo  reaches  the  antenna,  if  the  two  are  to 
appear  as  separate  echoes. 

Pulse  Repetition  Frequency  (PRF) 

The  PRF  determine,^  the  maximum  measur- 
able range  (MMR)  of  the  radar.  Ample  time 
must  be  allowed  between  pulses  for  an  echo  to 
return  from  any  target  located  within  the 
maximum  workable  range  of  the  system.  Other- 
wise, returning  echoes  from  the  more  distant 
targets  will  be  blocked  by  succeeding  trans- 
mitted puLses.  This  necessary  time  interval  fixes 
the  highest  PRF  that  can  be  used.  The  lower  the 
PRF.  the  greater  the  ranj?e.  However,  the  PRF 
must  be  high  enough  so  diat  sufficient  pulses  hit 
the  targe  and  enough  are  returned. 

Beam  Width 

Beam  width  is  determined  by  the  size  and 
shape  of  the  antenna.  With  a  wide  beam  there  is 
more  chance  of  detecting  a  target,  but  there  is 
less  chance  of  locating  it  accurately  in  azimuth 
and  elevation.  The  more  concentrated  the  beam, 
the  greater  the  range  capabilities  for  a  given 
amount  of  transmitted  power. 

RADAR  FACSIMILE  RECORDER 
AN/GMH-6(  ) 

The  Radar  Facsimile  Recorder  AN/GMH-6(  ) 
is  illustrated  in  figure  18-15. 

This  recorder  is  a  remote  picture  printing 
device  used  to  record  weather  data  transmitted 
from  the  radar/transmitter  site  where  the  trans- 
mitting device  ho  izontally  scans  a  plan  position 
indicator  (PPl)  radar  scope.  The  data  is  then 
transmitted  via  telephone  line  to  the  recorder. 
Ther  recorder  provides  a  hard  copy  printout  of 
the  weather  pictures,  including  "data  insert 
information"  on  a  continuous  roll  of  electrolytic 
paper.  The  data  insert  information  consists  of 
automatic  printing  of  a  time-date  code,  indi- 
cating the  day  of  the  year  and  the  time  of  the 
day  that  the  particular  picture  was  received  and 
printed. 


624 


Chapter  18-MAINTENANCE  OF  AUGMENTING  METEOROLOGICAL  AND 
OCEANOGRAPHIC  EQUIPMENT 


AG.748 

Figure  18-15. -Radar  Facsimile  Recorder 
AN/GMH.6{  ). 

The  recorder  has  controls  that  determine  the 
frequency  at  which  consecutive  groups  of  pic- 
tures are  printed.  A  group  may  consist  of  1,  2, 
or  3  pictures.  The  period  between  the  groups 
may  be  5,  10,  20,  30,  60,  or  an  infinite  number 
of  minutes.  A  period  in  this  case  refers  to  the 
length  of  time  from  the  end  of  the  last  picture 


of  a  consecutive  group  to  the  beginning  of  the 
first  picture  in  the  following  consecutive  group. 

Controls  are  also  provided  for  the  adjustment 
of  printing  quality,  such  as  degree  of  contrast 
and  whiteness.  Other  controls  set  the  time  and 
data  information  printed  on  each  ^weather 
picture. 

As  illustrated  in  figure  18-15,  the  facsimile 
recorder  consists  of  the  electronic  chassis,  and 
the  recorder  head  (printing  display  area  and 
paper  takeup)  which  are  mounted  in  and  on, 
respectively,  one  metal  console.  The  console 
rests  on  four  swivel  casters,  to  permit  mobility. 
The  two  front  casters  can  be  locked  to  fix  the 
console  in  a  stationary  position.  The  electronic 
chassis  is  a  slide-mounted  puUout  drawer  which 
provides  for  easy  removal,  servicing,  cleaning, 
and  testing  of  the  chassis.  The  electronic  chassis 
contains  all  operating  controls,  fuses,  and  indica- 
tors for  the  facsimile  recorder,  except  the  paper 
take-up  switch  and  fuse,  the  paper  supply 
indicating  light,  and  the  paper  fast  feed  switch, 
which  are  located  on  the  Recorder  Head. 

OPERATION  .  ^ 

Prior  to  operation  of  the  Radar,  Facsimile 
Recorder,  personnel  should  refer  to  the  publica- 
tion NAVAIR  50-30GMH6-1.  Complete  oper- 
ating instructions  are  contained  in  this 
publication. 

MAINTENANCE 

Servicing  and  maintaining  of  this  equipment 
are  the  responsibilities'^of  trained  electronics 
personnel.  As  with  other  complex  electronic 
equipment  the  maintenance  duties  of  the  Aer- 
ographer's  Mate  are  limited  to  keeping  the 
exterior  of  the  equipment  clean  and  promptly 
reporting  any  internal  difficulties  to  the  respon- 
sible parties. 

OCEANOGRAPHIC  INSTRUMENTS 

BATHYTHERMOGRAPH  SYSTEMS 

The  operation  of  bathythermograph  systems 
such  as  the  AN/SSQ-61  illustrated  in  figure 
18-16  was  described  briefly  in  AG  3  &  2.  NT 
10363-D.  Additional  details  and  modifications 
are  discussed  in  the  following  paragraphs. 
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Figure  18-16.-Bathythermograph  Set  AN/SSQ-61,  relationship  of  units. 


This  bathythermograph  (BT)  system  will 
automatically  obtain  and  record  ocean  tempera- 
ture data  in  virtually  any  sea  state  without 
altering  the  ship's  normal  operation.  It  will 
obtain  a  complete  temperature  profile  of  the  sea 
to  a  depth  of  1,500  feet  in  90  seconds.  The 
AN/.SSQ-61  is  the  most  current  in  the  series  of 
BT  systems.  Its  predecessors  were  the  AN/ 
SSQ'56,  AN/SSQ-56A,  and  the  AN/SSQ-60. 
Each  system  incorporates  electrical  and  me- 
chanical improvements  over  the  older  model. 
Differences  between  the  various  sets  lie  only  in 
the  recorder  and  the  launcher;  all  sets  use  the 
same  XBT  probe  (OC-14/SSQ-56),  Table  18-2 
lists  the  set  components  and  major  differences 
along  with  the  applicable  technical  manuals. 

Any  combination  of  recorder  and  launcher 
may  be  utilized  with  the  XBT.  Minor  differences 


affecting  installation,  operation,  and  mainte- 
nance may  be  readily  determined  by  reference 
to  the  applicable  manuals. 

Operating  Malfunctions 

As  with  all  equipment,  the  ability  to  detect 
and  correct  potential  problems  by  the  operator 
may  save  major  expense  and  equipment  outage. 
Table  18-3  lists  some  of  the  potential  problems 
and  correction  procedures  on  the  AN/SSQ-61 
which  may  be  performed  by  the  operator. 

Maintenance 

The  maintenance  which  may  be  performed  on 
the  BT  system  AN/SSQ-6 1  by  the  operator  is  lim- 
ited to  that  presented  in  the  following  paragraphs. 
Although  many  similarities  exist  between  systems 
as  stated  previously,  the  applicable  technical 
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Table  18-2. -Equipment  Similarities 


Set 

Recorder 

Differences 
from 
previous 
recorder 

Launcher 

Differences 
from 
previous 
launcher 

Technical 
manual 

AN/SSQ-56 

RO-326/ 

ceo  <A 

Earliest  model.  Chart 
paper  moves  from 
top  to  bottom. 
Bridge,  trigger 
logic  and  power 
supply  on  two  cir- 
cuit boards,  hard- 
wired to  harness. 

MX-7594/ 

Earliest  model, 
deck 

mounted. 

NAVSHIPS 
0967-225- 
6010 

AN/SSQ-56A 

RO-326A/ 
SSQ-56 

Major  mechanical  and 
electrical  changes. 
Recorder  instru- 
ment assembly  in- 
verted for  improved 
chart  display.  Bridge, 
trigger  logic  and 
power  supply  com- 
bined on  single 
connector-mounted 
circuit  board.  Test 
panel  and  switches 
added. 

MX-7594A/ 
SSQ-56 

Minor  mechan- 
ical changes 
in  stanchion, 
breech 
adapter  and 
launch  tube. 

NAVSHIPS 
0967-305- 
6010 

AN/SSQ-60 

MX-8416/ 
SSQ-60 

Major  mechan- 
ical changes. 
Launcher  in- 
stalled 
through  hull 
rather  than 
on  deck.  Uses 
heavy  muzzle 
protector. 

AN/SSQ-61 

RO-326B/ 
SSQ-56 

Minor  mechanical  and 
electrical  changes. 
Added  power  switch 
and  servo  muting. 

MX-8577/ 
SSQ-61 

Major  mechan- 
ical changes 
in  launch 
tube  and 
mounting. 
Stanchion 
anu  muzzie 
protector 
eliminated. 
Launch  tube 
changed  to 
urethane 
material. 

NAVSHIPS 
0967-333- 
6010 
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Table  1 8-3. --Malfunction  Chart 
(Operator  Level) 


This  table  desLribes  the  simplest  niallunctions,  their  symptoms,  causes  and  corrective  actions.  These 
are  generally  considered  on-site  procedures  and  are  within  the  capability  of  the  operator. 


SYMf>TOM 

CAUSE 

CORRECTION 

During  measurement  run  stylus 
makes  erratic  excursions  to 
the  right  end  of  the  chart 
paper  (high  temperature 
end) 

Leak  from  probe  wire  to  the 
salt  water. 

Launch  new  XBT. 

During  measurement  run  stylus 
makes  excursion  all  the  way 
to  left  (low  temperature 
end)  of  chart  paper  and 
remains  there. 

Complete  wire  break. 

Launch  new  XBT. 

During  measurement  run  stylus 
makes  erratic  excursions  to 
the  left  (low  temperature 
end)  of  the  chart  paper. 

Contamination  between  pm 
B  of  breech  and  canister. 

Breech  pins  should  be  wiped 
thoroughly  and  new  XBT 
inserted  for  another 
launching. 

Excessive  salt  water  in  breech 
or  receiver  assembly  causing 
conductive  path  across  con- 
tact end  cf  canister. 

Wipe  breech  and  receiver 
thoroughly  and  insert  new 
XBT  for  another 
launching. 

Recorder  completely  inactive, 
indicators  not  illuminated. 

POWER  switch  off  or  fuse 
blown. 

Replace  blown  fuse.  Loca- 
tions are  on  top  rear  of 
Recorder  interior.  If  fuse 
blows  again  notify  the 
maintenance  technician. 

Calibration  line  marked  during 
Check/Run  Mode  full  out- 
side 61.8^- 62.2''  band. 

RcLordcr  out  of  C^Jibration. 

Calibrate  following  the  pro- 
cedure described  in  the 
equipment  technical 
manual. 

manual  should  be  thcLkcd  prior  tu  LommcnLC 
mcnt  of  maintenance  procedures. 

LAUNCHER.  The  operator  at  the  launcher 
must  insure  that  no  scran  wire  from  the  launch- 
ing remains  in  the  launch  tube  when  the  ball 
valve  IS  closed,  and  that  the  breech  and  tube  are 
kept  clean  and  free  of  contaminants.  Con- 
taminants may  be  removed  with  fresh  water  and 
cloth.  The  launch   tube  must   be  inspected 


weekly  for  nicks  or  burrs  which  might  damage 
the  fine  XBT  wire  during  launching.  The  tube 
must  be  smooth  over  its  entire  interior  surface 
and  around  the  opening. 

CALIBRATION  CHECK.  Before  a  series  of 
XBT  launchings.  or  at  weekly  intervals  when 
XBT's  are  launched  daily,  a  system  calibration 
check  should  be  made  by  the  operator.  The 
calibration  check  is  performed  with  the  use  of 
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the  test  eanister  provided  with  the  system  and 
following  the  procedure  as  outUned  in  the 
technical  manual. 

BT  RECORDER.  Remove,  install,  and  aline 
chart  paper  as  described  in  the  applicable  tech- 
nical manual.  The  procedure  to  be  Followed 
involves  a  number  of  steps  which  must  be 
followed  precisely  and  since  the  technical  man- 
ual should  accompany  the  equipment,  it  is 
considered  unnecessarily  repetitious  to  include 
these  steps  here. 

BATHYTHERMOGRAPH  PROBE.  No  pre- 
ventive maintenance  is  required  for  the  probe 
and  canister. 

PORTABLE  RADLATION 
THERMOMETER  PRT4(  ) 

The  PRT-4(  )  system  is  a  noncontact  passive 
instrument  that  measures  the  radiation  from 
remote  water  surfaces,  clouds,  backgrounds,  and 
other  targets  filling  the  field  of  view  of  its 
optical  system.  It  is  particularly  suited  for 
airborne  use,  where  its  fast  response  and  high 
resolution  power  permit  the  mapping  of  thermal 
contours  and  surface  currents.  The  operation  of 
the  PRT4(  )  is  presented  in  AG  3  &  2,  NT 
10363-D. 

MAINTENANCE 

Other  than  occasional  visual  checks  and  clean- 
ing oi'  the  lens  surface,  no  routine  maintenance 
of  the  system  is  necessary.  The  visual  checks 
should  be  conducted  annually,  or  ar  intervals  as 
required  by  the  service  environment  and  extent 
of  use.  During  these  checks,  particular  attention 
should  be  given  to  cables  and  connectors,  front 
panel  components  (switches  and  indicators),  and 
mounting  hardware. 

Cleaning  the  Optical  Lens 

The  front  window  may  require  cleaning  from 
time  to  time.  (This  is  most  often  indicated  by 
deterioration  in  system  performance.)  However, 
excessive  cleaning  is  undesirable  because  the 
window  may  become  permanently  scratched  or 
marred.  Therefore,  before  undertaking  to  clean 
the  window,  check  the  system  performance 
under  a  known  set  of  operating  conditions.  If 


deterioration  is  evident,  inspect  the  window 
surface  for  evidence  of  a  haze  of  dust;  if  present, 
remove  with  a  clean,  optical-grade  camel's  hair 
brush,  using  a  flicking  motion.  Do  not  scrub, 
and  do  not  use  lens  tissues  or  cleaners.  If  further 
cleaning  is  required,  the  instrument  should  be 
returned  to  an  authorized  repair  facility. 

LUBRICATION 

All  moving  parts  in  the  Portable  Radiation 
Thermometer  PRT-4(  )  are  sealed  and  require 
no  lubrication. 

NEAR  SURFACE  REFERENCE 
TEMPERATURE  DEVICE  (NSRT) 

The  NSRT  system  consists  of  a  meter  as- 
schibly  and  a  thermistor  probe  used  to  obtain 
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Figure  18-17.-Recoivsr  Recorder  Set, 
Meteorological  Data,  AN/SMQ-6(V). 
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instantaneous  measurements  of  sea  surface  tem- 
peratures. A  description  of  this  instrument  along 
with  a  discussion  of  operating  procedures  may 
be  found  in  AG  3  &  2.  NT  10363-D. 


MAINTENANCE 

The  NSRT  system  requires  little  or  no  main- 
tenance other  than  occasionally  replacing  the 
flashlight  battery.  If  maintenance  is  required, 
the  IC  electrician  does  the  required  work. 


CALIBRATION 

To  calibrate  the  indicator,  adjust  the  needle 
to  the  red  line  on  the  face  of  the  meter  (replace 
the  battery  if  the  needle  cannot  be  adjusted  to 
the  red  line).  The  instrument  should  be  cali- 
brated daily  following  this  procedure. 


SATELLITE  GROUND  RECEIVING 
EQUIPMENT 


AUTOMATIC  PICTURE  TRANSMISSION 
(APT)  RECEIVING  AND  RECORDING 
EQUIPMENT 


Automatic  picture  transmission  via  weather 
satellite  has  become  a  common  means  of  obtain- 
ing environmental  data  related  to  meteorological 
and  oceanographic  forecasting.  The  senior  AG 
must  insure  that  the  receiving  and  recording 
equipment  is  kept  in  an  operational  status 
insofar  as  his  maintenance  responsibility  ex- 
tends. Electronics  maintenance  personnel  will  be 
responsible  for  most  of  the  necessary  tests, 
calibration,  and  maintenance;  however,  the  AG 
may  perform  certain  maintenance  related  tasks 
as  described  in  the  following  paragraphs. 


AG  183 

Figure  18.18.-(A)  Antenna,  Dual  Array  Helical  AS2192/SIV!Q.6(V);  (B)  Antenna, 
Fixes  Omnidirectional,  Conical  AS2191/SIV!Q.6(V). 
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MAINTENANCE 


There  are  a  number  of  APT  receiver  recorders 
in  use  in  the  field  as  discussed  in  the  AG  3  &  2 
Rate  Training  Manual.  Only  the  maintenance 
tasks  pertaining  to  Receiver  Recorder  Set 
AN/SMQ-6(V)  are  presented  here  due  to  the 
similarity  of  the  maintenance  requirements  of 
the  various  types  of  equipment.  Figure  18-17 
illustrates  Receiver  Recorder  Set  AN/SMQ-6(V). 


For  further  information  pertaining  to  other 
equipment,  refer  to  the  applicable  technical 
manual. 

Figure  18-18  illustrates  the  two  types  of 
antennas  which  may  be  utilized.  If  the  fixed 
omnidirectional  antenna  is  used,  the  antenna 
control  panel  on  the  receiver  recorder  is  replaced 
by  a  blank  panel  since  it  is  not  required. 

The  maintenance  which  will  be  performed  on 
this  equipment  by  the  Aerographer's  Mate  oper- 
ator is  contained  in  NAVAIR  50-30GMH6-1. 
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RADIOSONDE  AND  RAWINSONDE  EQUIPMENT 
MAINTENANCE  AND  CALIBRATION 


The  uppcr-air  observation  program  is  one  of 
the  more  important  of  the  various  programs 
required  by  the  environmental  services.  Quality 
upper-air  data  is  vitally  important  to  the  fore- 
caster in  the  preparation  of  required  forecasts. 
The  prerequisite  for  collection  of  accurate 
upper-air  data  is  the  use  of  properly  maintained, 
tested,  and  calibrated  rndiosonde/rawinsonde 
equipments. 

The  maintenance,  test,  and  calibration  pro- 
cedures presented  in  this  chapter  are  at  the  AG  I 
&  C  level.  For  details  on  the  component  parts 
and  operation  of  the  equipments  covered,  refer 
to  the  applicable  equipment  manual. 

RADIOSONDE  RECEPTOR  AN/SMQ-1(  ) 

Radiosonde  Receptor  AN/SMQ-I(  )  is  a  radio 
receiving  and  recording  device  operating  in  the 
frequency  range  of  390  to  410  niHz.  It  is  used 
by  the  Aerographer's  Mate  to  receive  and  graph- 
ically record  meteorological  data  transmitted 
from  a  balloon-borne  radiosonde  transmitter 
(AN/AMT-1I(  )).  by  means  of  an  RF  carrier 
pulse  modulated  at  audio  rates  which  corre- 
spond to  the  ambient  temperature  and  humidity 
of  the  air  through  v^hich  the  radiosonde  passes. 

The  receptor  is  designed  for  maximum  reli- 
ability and  life  under  adverse  conditions  of 
shock,  vibration,  inclination,  temperature,  and 
humidity  encountered  in  shipboard  use.  To  a 
great  degree,  it  is  self-compensating  for  wear, 
aging,  and  lluctuations  in  line  voltage.  When 
properly  mounted,  installed,  and  alined  in  ac- 
cordance with  the  NavAir  technical  manual,  it 
accurately  records  transmitted  data  using  operat- 
ing controls  only.  (See  fig.  19-1.) 


Many  delicate  pieces  of  electronics  equipment 
require  that  an  adequate  preventive  maintenance 
program  be  implemented  to  prevent  unwar- 
ranted breakdowns  and  interruptions  to  the 
operational  program  for  which  they  are  de- 
signed. The  [Radiosonde  Receptor  is  no  excep- 
tion to  this  rule.  This  equipment  must  also  be 
calibnited  monthly  and  whenever  a  technician 
replaces  electronic  parts  or  makes  any  mechani- 
cal adjustments  to  the  pen  drive  system  to  insure 
that  it  is  operating  within  certain  limits  of 
acceptable  accuracy. 


INSTALLATION 

The  location  and  the  mounting  of  the 
AN/SMQ-I  are  discussed  in  the  technical  manual 
for  the  equipment. 

The  antenna  normally  used  with  this  equip- 
ment is  the  folded  ground  plane  type.  The 
applicable  instructions  manual  should  be  fol- 
lowed when  installing  the  antenna  assembly. 


MAINTENANCE 

Maintenance  Requirements  Cards  (MRC's) 
have  been  prepared  for  use  by  maintenance 
personnel  when  performing  maintenance  tasks 
on  the  AN/SMQ-I(  ).  (See  fig,  19-2.) 

The  operator's  maintenance  on  the  AN/SMQ- 
l(  )  is  normally  limited  to  routine  cleaning  and 
minor  mechanical  maintenance.  All  other  main- 
tenance should  be  performed  by  a  qualified 
electronics  technician. 
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Figure  19-1. -Radiosonde  Receptor  AN/SMQ-1(  ). 
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CABLE  TENSION 
ADJUSTING  SCREW- 


CABLE  CLAMP  IN  BACK 
OF  PEN  CARRIAGE 
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Figure  19-3.-Pen  drive  system,  AN/SMQ-1(  ). 
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Cleaning 

The  operator  should  clean  the  exterior  and 
inside  work  area  daily  with  a  clean,  lint-free 
cloth.  Check  the  legibility  of  the  ball  point  pen 
trace  daily.  If  the  trace  is  not  clear  and 
continuous,  wipe  the  penpoint  with  a  clean, 
lint-tree  cloth.  If  the  discrepancy  is  not  cor- 
rected by  this  procedure,  replace  the  ballpoint 
pen. 

Mechanical  Maintenance 

Mechanical  maintenance  of  the  Radiosonde 
Receptor  AN/SMQ-K  )  consists  of  certain  in- 
spections, tests,  checks,  and  adjustments  which 
can  be  performed  on  an  operator's  level. 


DAILY  MAINTENANCE.-Perform  the  fol- 
lowing tests  and  inspections  daily,  and  adjust- 
ments as  required: 

1.  Inspect  the  pen  drive  system  cable  for 
fraying  (fig.  19-3). 

2.  Test  the  cable  tension  and  adjust  if  neces- 
sary. Cable  tension  is  tested  on  the  left-hand  side 
of  the  recorder  drawer  between  the  two  pulleys 
(fig.  19-3).  The  cable  should  deflect  1/16  to 
3/16  inch  under  slight  Tmger  pressure.  The  pen 
cable  adjustment  is  a  screwdriver  adjustment 
found  on  a  sliding  block  to  which  is  attached  an 
idler  pulley  located  on  the  right  side  of  the 
recorder  drawer.  A  setscrew  which  holds  the 
sliding  block  may  have  to  be  loosened  to  relax 
the  cable  tension,  but  simply  turning  the  screw 
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Figure  19'4.-Chart  drive  system,  AN/SMQ-1(  ). 
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clockwise  will  tighten  the  cable  tension.  If 
repeated  adjusting  causes  the  cable  to  stretch  to 
the  point  where  a  t\ill>  clockwise  adjustment  has 
no  effect,  a  new  cable  will  have  to  be  installed. 

3.  Inspect  the  cable  clamps  and  tighten  if 
necessary  (fig.  19-3). 

4.  Test  the  tension  of  the  paper  takeup 
clutch  on  the  drive  rolL  If  the  paper  is  loose  on 
the  takeup  roll  or  the  holes  are  torn  on  the  side 
of  the  direction  of  feed,  there  is  insufficient 
tension  The  clutch  is  tightened  by  turning  a  fiat 
nut  on  the  drive  roll  on  the  left-hand  side  of  the 


recorder  drawer.  Turn  the  nut  to  the  right 
onehalf  turn  at  a  time  (fifi:.  19-4). 

Wkl:KLY  MAINTkNANCH.  Perform  the  fol- 
lowing  checks,  tests,  and  adjustments  weekly  if 
necessary: 

1.  Turn  the  chart  drive  ON,  and  using  a 
stopwatch  or  sweep  second  hand,  measure  the 
paper  feed  during  a  10-minutc  run.  If  the  paper 
feeds  out  less  tlian  4  13/16  niches  in  10  mmutes, 
tighten  the  takeup  clutch  as  indicated  m  the 


636 

642 


Chapter  19  RADIOSONDU  AND  RAWINSONDE  MAINTENANCE  AND  CALIBRATION 


daily  acljustment.  If  it  roods  more  than  5  3/16 
inches,  have  the  technician  check  the  line 
frequency. 

2.  Test  the  pen  carriage  lor  shake  and  loose- 
ness. Adjust  jiuide  rods  if  necessary  (Hg.  l9o). 

3.  InspCv.  me  speed  shift  mechanisni  on  the 
paper  drive  and  tighten  setscrows  if  necessary 

SI:MIANNUALLY.  Perform  the  following 
inspections  semiannually  and  corrective  action 
as  necessary: 

1.  Inspect  the  cabling,  h.xamine  carefully  all 
the  interconnecting  cables,  particularly  those 
between  the  drawers  and  the  cabinet  for  evi- 
dence of  chafnig  or  damage.  Have  the  tech- 
nicians repair  or  replace  as  necessaiy. 

2.  Inspect  the  antennas,  hxamine  carefully  all 
the  antenna  leads  and  antenna  for  mechanical 
dan)age  or  corrosion.  Have  the  technicians  re- 
place or  repair  as  necessary. 

3.  Inspect  the  mounts.  Inspect  the  shock 
mounts  and  the  standoffs.  Replace  the  damaged 
mounts.  Tighten  all  mounting  bolts. 

TROUBLESHOOTING 

Troubleshooiing  of  the  Radiosonde  Receptor 
AN/SMQ-U  )  is  of  an  electronics  nature  and  is 
performed  by  the  electronics  technicians  in 
accordance  with  the  applicable  NavAir  technical 
nKunial. 

CALIBRATION  OF  RADIOSONDE 
RECEPTOR  AN/SMQ- 1  (  ) 

The  primary  purpose  of  calibration  of  equip- 
ment is  to  determine  any  corrections  that  are 
necessary  to  make  the  actual  operation  of  the 
equipment  the  same  as  the  theoretical  operation. 
In  other  words,  the  theoretical  operation  of  the 
equipment  is  such  that  with  a  given  input 
frequency  the  pen  will  move  precisely  to  a 
predetermined  ordinate  value.  Calibration  pro- 
vides a  convenient  method  of  cheeking  to 
determine  whether  the  equipment  is  operating 
within  certain  limits  of  accuracy.  If  the  equip- 
ment does  not  operate  within  these  limits,  it  is 
necessary  to  procure  the  services  of  an  elee- 
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tronics  technician  to  realine  the  circuits  so  it  will 
operate  oroperly. 

Radiosonde  Receptor  AN/SMQ- 1  (  )  should 
be  calibrated  once  each  month  between  the  last 
sounding  of  the  month  and  the  first  sounding  of 
the  subsequent  month  (or'rts  soon  thereafter  as 
possible),  and  whenever  equipmental  repairs 
and/or  adjustments  have  in  any  way  alYected  the 
the  previous  calibration.  Signal  Cienerator 
SG-2IB/U  supplies  the  audio  input  frequencies 
which  are  necessary  if  accurate  computation  of 
frequencies  from  the  printed  cords  are  to  be 
made.  The  original  and  copies  of  these  records 
are  forwarded  to  appropriate  agencies  monthly. 

Signal  Generator  SG-2IB/U 

The  Signal  Generator  SG-2IB/U  is  a  portable 
precision  piece  of  calibration  test  equipment 
that  is  designed  to  produce  an  audio  signal 
iKMween  10  and  500  cycles  per  second  with  an 
accuracy  of  plus  or  minus  0.05  percent  of  the 
indicated  frequency. 

It  provides  a  low  audiofrequency  signal  with 
which  to  calibrate  the  AN/SMQ- 1 (  )  and  the 
AN/TMQ-5(  )  Weather  Data  Recording  Sets, 
l-or  specific  instructions  regarding  the  steps  to 
follow  during  calibration  of  the  AN/SMOK  ) 
and  the  AN/TMQ-5(  )  refer  to  the  a»;,^licable 
technical  manual. 

Computing  Recorder  Correction 
Curves.  Graphs,  and  Forms 

The  following  steps  outline  the  procedure  for 
computing  the  recorder  correction  cur\'es, 
graphs,  and  associated  forms: 

1.  Read  the  ordinate  values  of  the  printings 
on  the  recorder  calibration  record  to  the  nearest 
0.1  ordinate  and  record  them  in  the  appropriate 
columns  of  Data  Sheet  No.  I  (fig.  19-5).  Be  sure 
and  enter  the  llgures  for  the  "down"  run  in  the 
DOWN  column  and  the  "up"  run  in  the  UP 
column. 

2.  Compute  the  mean  value  to  the  nearest 
0.05  ordinate. 

3.  Com.pute  the  llnal  corrections  to  the  near- 
est 0.1  of  an  ordinate  and  enter  them  in  the 
appropriate  column  of  Dat;'  Sheet  No.  I.  Affix 
the  proper  sign  to  the  correction.  The  correction 
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iMV-T  ni, AVIiRAGI:  COR- 
KhCllON  point,  using  the  orilinate  value  :uul 
correction  value  as  arguments  on  the  graph. 
Labe  the  graph.  RIXORDHR  CORRI-;n'ION 
CRAPH.  (See  llg.  19-6.) 

5.  Compute  a  recorder  correction  table  from 
the  graph  drawn  on  the  recorder  record  The 
table  IS  entered  above  the  graph  on  the  left  side 
01  the  chart  and  neatly  labeled.  RI:CORDFR 
CORRl-CTION  TABLIZ.  (See  llg.  19  6  )  To 
compute  the  values  for  this  table,  proceed  as 
lollows: 

a.  Start  at  95.0  and  move  to  the  left  on  the 
graph  until  the  graph  line  departs  from  zero  by 
0.05  correction  and  note  the  ordinate  vali-e  at 
this  point.  On  the  recorder  correction  table 
enter  95.0  to  equaLsO.O. 

b.  At  the  last  ordinate  value  selected,  move 
to  the  leit  until  the  graph  line  departs  from  that 
correction  by  0.05.  l-nter  the  data  in  the  same 
manner  as  in  a.  above. 

c.  I-ollow  this  procedure  until  all  the  correc- 
tions have  been  entered  down  to  the  5.0  ordinate 
value. 


c-  r.  AG.755 

Figure  19-5.-Data  Sheet  No.  1,  AN/SMQ-K  )  calibration. 

should  be  such  that  when  applied  to  theMIZAN 
column  it  will  correct  that  reading  to  read  the 
same  as  the  SHOULD  READ  column. 

4.  Using  the  correction  on  the  data  sheet 
versus  the  ordinate  value  on  the  recorder  chart 
construct  a  graph  of  the  recorder  corrections  oii 
the  recorder  record  in  the  space  provided  by  the 
1  foot  above  the  calibration  run.  (See  llg  19-6 
upper  half.) 


This  procedure  is  as  follows: 


a.  Select  one  of  the  horizontal  printed  lines 
to  be  the  "0"  (ZERO)  correction.  Label  this  line 
accordingly. 

b.  Above  the  zero  correction  line,  label  each 
horizontal  line  with  +0.1,  +0.2,  +0.3,  etc.  and 
below  the  zero  correction  line  label  each  hori- 
zontal line  with  -0.1,-0.2,-0..!,  etc 


6.  iMake  duplicate  copies  oS  the  calibration 
correction  and  attach  them  to  the  recorder  in  a 
convenient  location  for  the  operator  to  apply 
during  an  ob.ser\'ation. 

Completing  Calibration  Record 
and  Subniis.sion  of  Reports 

After  completing  the  calibration  run.  fold 
and  enter  the  following  information  as  illu.s- 
trated  in  figure  19-6  in  the  lower  7  inches  of  the 
chart: 

1.  Station  identification  and  >ographica(  lo- 
cation. 

2.  Date  of  calibration. 

3.  Serial  number  of  the  radio.sonde  receptor 

4.  Serial  number  of  the  signal  generator  u.sed. 

5.  Initials,  name,  and  rate  of  the  operator 
who  calibrated  the  equipment. 

After  entering  this  information,  fold  the 
entire  record  into  7-inch  accordian  fokl.s  so  that 
the  lower  7  inches  will  face  outward. 
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Prepare  the  data  sheet  in  typewritten  original 
and  one  copy.  Forward  original  of  each  calibra- 
tion, affixed  to  the  first  sounding  following  that 
calibration,  to  NWRC  when  forward iim  the 
monthly  records.  Include  a  list  of  the"  new 
recorder  calibration  corrections  on  the  first 
7-inch  fold  of  the  recorder  record  for  the  first 
sounding  after  the  new  calibration. 

The  address  of  NWRC  is  as  follows: 

Officer  in  Charge 
NVVSI-D 

Asheville,  N.C,  28801 

NOTH:  The  calibration  recorder  record  is 
mailed  with  the  data  sheet. 

The  copy  is  retained  on  file  by  weather  office 
making  calibration. 

NOTIi:  It  is  very  important  that  the  zero 
selling  of  each  obser\ation  agrees  with  the  zero 
setting  of  the  latest  calibration.  The  calibrator 
must  make  certain  that  a  sample  of  the  calibra- 
tion zero  tracing,  with  a  list  of  recorder  correc- 
tions, is  posted  in  full  view  of  the  operator. 

RECEIVING  SET.  RADIOSONDE 
AN/SMQ-3 

The  AN/SMQ-3  is  similar  in  appearance,  has 
similar  controls,  and  performs  the  same  function 
as  the  AN/SMQ-U  )  receptor.  However,  there 
are  some  significant  differences  between  these 
two  receptors  and  the  operator  should  be  aware 
of  them.  These  differences  are  as  follows: 

1.  The  AN/SMQ-3  has  a  selector  switch  that 
provides  for  a  chart  speed  of  I.  2,  or  4  inches 
per  minute. 

2.  The  signal  selector  switch  has  an  RS-I  and 
an  RS-2  position.  The  RS-I  position  is  used  for 
normal  AN/SMQ-3  type  sounding.  The  RS-2 
position  is  used  at  land  stations  when  the 
receptor  is  connected  to  a  GMD  control  recorder 
and  is^  being  used  in  place  of  a  TMQ-5  recorder. 

3.  The  signal  selector  must  be  in  the  RS-I  or 
-2  position  before  an  image  will  appear  in  .he 
o,scilloscope.  In  other  words,  the  signal  cannot 
be  tuned  in  while  the  .selector  is  in  the  (iMD 
position. 
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hquipment  maintenance  is  performed  in  the 
same  manner  as  was  discu.ssed  earlier  in  this 
chapter  for  the  AN/SMQ-I(  ). 

HUMIDITY  CHAMBER  ML-428/UM 

Operating  instructions  for  the  humidity  cham- 
ber are  contained  in  the  applicable  NavAir 
technical  manual. 

Maintenance  on  the  AG  level  con.sisis  mainly 
of  periodically  cleaning  the  in,side  of  the  cham- 
ber and  covering  the  internal  walls  with  paste 
wax  to  prevent  the  chamber  from  absorbing 
moisture.  Also  check  and  inspect  for  rvsi  on 
internal  metal  parts  and  lake  preventive  action 
as  required.  The  motor  blower  should  be  oiled  at 
both  bearing  points  afi  r  each  4  hours  of 
continuous  operation,  or  weekly  as  required.  If 
e\c*-ssive  overheating  of  the  motor  occurs,  check 
the  shaft  clea-ancc  to  in,sure  that  movement  is 
free  The  test  switch  motor  needs  no  oiling. 

BATTERY  TEST  SET  AN/AMM-I(  ) 

I3atler>'  Test  Set  AN/AMM-I(  )  has  been 
designed  to  test  the  BA-353/AM  battery  and  the 
radio.sonde  .set  AN/AMT-I  I(  )  before  each 
sounding,  in  order  to  insure  a  high  percentage  of 
.successful  IlighLs.  The  test  set  is  a  portable 
instrument  which  may  be  hand-carried.  The 
entire  unit,  including  cables,  is  housed  in  a 
sealed  metal  ca.se.  The  front  panel  contains  two 
meters,  a  circuit  .selector  switch,  four  pu.sh- 
button  switches,  and  a  power  adjustment  panel. 

Since  this  lest  set  is  not  in  widespread  use,  it 
is  covered  only  briefiy  here.  For  further  informa- 
tion on  this  test  set  see  the  applicable  NavAir 
technical  manual. 

INSPECTION 

The  fre(|uency  of  periodic  inspections  of  the 
test  set  is  determined  by  the  amount  of  use  it 
receives  and  hy  the  manner  in  which  it  is 
handled.  With  normal  daily  use  and  with  reason- 
able care  in  handling,  a  weekly  check  should 
suffice  in  insuring  that  it  remains  in  a  good 
operating  condition.  It  is  recommended  that  the 
cover  he  closed  when  the  test  set  is  not  being 
used  and  that  it  be  kept  as  free  as  possible  from 
dust,  dirt,  grea.se,  and  .salt  water  spray. 
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MAINTENANCE 

The  test  set  is  designed  to  require  a  relatively 
small  ;iniount  of  inaintenaiice.  There  .ire  no 
parts  requiring  lubrication,  and  niaiiilaining  the 
meter  calibration  is  the  major  .service  function. 

RAWINSONDE  SYSTEMS 
MAINTENANCE 

It  has  been  stated  previousl>  that  mainte- 
nance of  electronic  ^.oniponents  of  meteorologi- 
cal equipment  is  to  be  accomplibhed  through  the 
utili/,ation  of  trained  electronics  personnel. 
However,  the  Aerographef i>  Mate  must  evaluate 
each  instance  to  determine  if  the  necessity  of 
notifying  electronics  personel  exists.  If  the 
malfunction  ".^  determined  to  be  due  to  some 
minor  cause  which  does  not  require  a  technician, 
it  may  be  remedied  by  operating  personnel. 
Various  tasks  related  to  preventive  mainte- 
nance should  also  be  performed  by  operating 
personnel.  In  each  instance  the  experience  of  the 
operating  personnel  will  be  an  important  factor. 
Generally  speaking,  if  it  is  necessary  to  work 
internally  on  the  equipment  or  if  the  use  of 
meters  and  other  test  equipment  are  required,  a 
technician  must  be  called.  Keep  in  mind  that  the 
continued  operation  of  partially  defective  equip- 
ment may  result  in  more  serious  and  expensive 
damage  to  related  components.  The  following 
paragraphs  are  included  not  to  encourage  the 
AG  to  attempt  maintenance  beyond  his  training; 
but  to  allow  him  some  measure  of  knowledge  in 
determining  causative  factors  pertaining  to  mal- 
tunctions  of  the  Rawinsonde  Systems. 

RAWINSETAN/GMD-2(  ) 
MAINTENANCE  PROCEDURES 

A  well-organized  preventive  maintenance  pro- 
gram will  help  keep  equipment  failures  at  a 
Tniniinum  level,  but  cannot  prevent  all  failures. 
How  long  your  equipment  stays  inoperative 
after  a  failure  generally  is  governed  by  two 
factors:  how  quickly  you  can  determine  which 
component  is  defective,  and  how  quickly  you 
can  cither  correct  the  trouble  or  have  a  spare 
component  installed  in  place  of  the  defective 
one.  The  length  of  time  it  takes  to  locate  and 
correct  a  trouble  is  generally  measured  by  how 


well  you  know  the  equipment,  and  how  quickly 
you  can  spot  unusual  conditions  and  analyze 
them. 

Often,  trouble  is  caused  by  a  defective  tube, 
fuse,  or  other  easily  replaceable  parts,  and  can 
be  corrected  simply  by  notifying  electronics 
personnel  for  replacement  of  available  parts. 
However,  if  troubleshooting  and  repair  will  take 
time  which  is  needed  for  operational  use  of  the 
equipment,  or  if  realinement  will  be  needed 
after  repair,  technicians  will  probably  replace 
the  entire  component.  Some  components  (such 
as  power  supplies,  etc.)  can  be  replaced  without 
alinenient.  Other  components  might  take  tech- 
nicians longer  to  aline  into  the  system  than  the 
time  it  would  take  them  to  replace  the  defective 
components. 

A  good  organizational/field  maintenance  op- 
eration is  one  in  which  electronics  personnel 
keep  all  allowable  spare  components  ready  to  fit 
into  the  system  quickly  with  a  minimum  of 
alinenient  time  needed.  During  non-flight 
periods,  spare  components  are  normally  checked 
by  the  technicians  and  the  necessary  alinenients 
and  adjustments  made  so  that  they  can  be 
installed  in  the  equipment  with  little  or  no 
delay. 

PREVENTIVE  MAINTENANCE 

Routine  maintenance  procedures  that  will 
help  the  AG  prevent  troubles  which  would 
interfere  with  the  performance  of  the  equipment 
are  contained  in  the  set  of  Preventive  Mainte- 
nance Workcards.  NavAir  50-30GMD2-4.  These 
routines  include  system  performance  checks  and 
inspection,  cleaning,  and  lubrication  procedures 
which,  if  performed  at  regular  intervals  by  the 
AG  or  technicians  as  required,  will  insure  against 
premature  failure  or  breakdown  of  the  equip- 
ment componenLs. 

CORRECTIVE  MAINTENANCE 

Corrective  maintenance  consisting  of  prellight 
checks  and  the  system  performance  test  pro- 
cedures described  in  the  technical  manual  will 
enable  the  responsible  parties  to  detect  troubles 
in  the  equipment  effectively.  Troubles  generally 
will  be  attributed  to  fuse  failure  or  to  defective 
electron  tubes  or  wiring.  Most  other  troubles  can 
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be  corrected  by  the  lecliiiician  accomplish  in  g 
proper  alineiiicni  or  acljustiiieiit.  The  aHnenieiit 
routine  workcards  lor  the  equipment  contain 
complete,  detailed  alinenient  instructions. 

DEPOT  LEVEL  MAINTENANCE 

Depot  level  maintenance  may  be  required  tor 
maintenance  tasks  which,  normally,  caimot  be 
accomplished  at  organizational/field  levels. 
Special  test  equipment  or  test  fixtures  are  called 
for  and/or  no  standard  equipment  will  perlbrni 
the  required  test  Functions.  The  maintenance  of 
the  AN/GMD-2(  )  requiring  depot  level  facilities 
is  described  in  the  equipment  technical  manual. 

RA\VINSETAN/GMD-1(  ) 
MAINTENANCE  PROCEDURES 

The  maintenance  procedures  described  for  the 
AN/GMD-2(  )  will  also  generally  apply  to  the 
older  AN/GMD-I(  )  System.  Leveling,  orienta- 
tion, weatherproofing,  general  lubrication  in- 
structions, and  simple  operator  preventive  main- 
tenance of  this  system  are  covered  in  the 
technical  manual  for  Rav/in  Set  AN/GMD-I(  ) 
NavWeps  16-30-GMDI-5, 

PREVENTIVE  MAINTENANCE 
OFAN/TMQo(  ) 

General  lubrication,  corrosion  removal,  rust- 
proollng,  painting  and  other  simple  maintenance 


procedur  re  covered  in  the  technical  manual 
for  Radiosonde  Recorder  AN/TMQ-5,  NavV/eos 
50-30TMQ5-50I. 

Routine  maintenance  consists  mainly  of 
changing  the  recorder  chart  roll,  filling  the  pen, 
keeping  the  instrument  clean,  and  such  correc- 
tive measures  as  set  forth  in  the  applicable 
technical  manual.  NOTE.  When  servicing  the 
equipment,  be  extremely  careful;  high  voltage  is 
present.  Turn  the  power  off  when  changing  the 
paper  or  the  pen,  and  for  all  other  functions  net 
requiring  the  power  to  be  on. 

Calibration  of  the  AN/TMQ-5(  )  is  performed 
by  the  operator  and  is  performed  in  a  manner 
similar  to  that  discussed  previously  for  the 
AN/SMQ-1(  ).  The  applicable  NavAir  technical 
manuals  contain  details  for  performing  this 
calibration. 

PREVENTIVE  MAINTENANCE 
0FAN/GMM-1{  ) 

Preventive  maintenance  for  the  AN/GMM- 
I(  )  which  consists  of  daily,  weekly,^  and 
monthly  inspections  and  preventive  maintenance 
are  listed  in  the  NavAir  technical  manual. 

PREVENTIVE  MAINTENANCE 
0FAN/GMM-3(  ) 

Preventive  maintenance  procedures  for  the 
AN/GMM-3(  ),  which  consist  of  daily,  weekly, 
and  monthly  inspections,  are  listed  in  the 
NavAir  technical  iiianuaL 
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Advancement  to  AGl  will  generally  elevate 
you  to  filling  the  position  of  section  leader 
which  will  require  you  to  spend  more  of  your 
time  in  directing  and  controlling  the  work  of 
others  rather  than  performing  it  yourself.  As  an 
AGl  or  AGC  you  will  also  become  more  deeply 
involved  in  the  administrative  functions  of  your 
unit  or  division. 

The  efficiency  and  effectiveness  of  any 
weather  unit  are  directly  related  to  how  the 
administrative  functions  are  performed.  Under 
administrative  functions  we  are  referring  to  such 
areas  as:  proper  indoctrination  and  orientation 
of  new  personnel;  watch  routines;  leave  and 
liberty  policies:  training;  and  submission  of 
required  records  and  reports. 

It  is  also  important  that  senior  personnel  be 
aware  of  the  responsibilities  and  functions  of  the 
various  elements  under  the  Naval  Weather  Serv- 
ice Command,  especially  in  regard  to  their  unit's 
relationship  with  its  controlling  activity. 

Senior  Aerographer's  Mates  will  need  to 
possess  an  understanding  of  the  various  com- 
munications systems  that  are  utilized  within  the 
weather  units.  CK>sely  associated  with  communi- 
cations is  secur  ^y.  Senior  personnel  will  be 
directly  mvolvcd  in  the  circulation,  control,  and 
possibly  destruction  of  classified  information. 

hi  this  chapter  we  will  discuss  these  areas  to 
indoctrinate  personnel  preparing  for  advance- 
ment, as  well  as  prepare  the  proper  foundation 
to  enable  you  to  carry  out  these  assignments  and 
duty  in  the  most  efllcient  manner  when  they  are 
presented  to  you. 


NAVAL  WEATHER  SERVICE  COiMMAND 

The  Naval  Weather  Service  Command  (NAV- 
WEASERVCO.M)  ras  escablished  by  che  Secretary  of 
che  Navy  in  July  1967.  This  was  the  result  of  upgrad- 
ing of  the  then  Naval  Weather  Service  to  a  command 
status.  TheCommander  Naval  Weather  Service  Com- 
mand (COMNAVWEASERV),  who  replaced  the  Director 
of  the  Naval  Weather  Ser\'ice  in  this  reorganization, 
reprts  direcdy  to  the  Chief  of  Naval  Operations. 

MISSION 

The    mission    of   the   Commander  Naval 
Weather  Service  Command,  promulgated  by  the 
Secretary  of  the  Navy,  is  to  command  assigned 
activities  of  the  Naval  Weather  Service  Com- 
mand: to  insure  the  fulfillment  of  Department 
of  the  Navy  meteorological  requirements  and 
Department  of  Defense  requirements  for  ocean- 
ographic  analysis/ forecasts;  and  to  provide  tech- 
nical   guidance    in    meteorological  matters 
throughout  the  naval  services.  Fleet  Weather 
Centrals,  Fleet  Weather  Facilities,  and  Naval 
Weather   Service    Facilities    have  concurrent 
responsibility  to  the  Fleet  Commander  in  Chief 
and  the  Chief  of  Naval  Training  who  exercise 
authoritative  control  over  the  product  output  to 
meet  retiuirements  of  the  operating  forces.  The 
Headquarters,  Naval  Weather  Service  Command, 
provides  staff  support  to  the  Commander  in  the 
fulfillment   of   his   mission    and  functional 
responsibility. 

ORGANIZATION 

A  number  of  changes  within  NAVWEASERV- 
COM  have  been  instituted  recently  with  mere 
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planned  in  the  near  future.  The  most  sweeping 
change  was  the  reclesignation  of  selected  Fleet 
Weather  Facilities  to  Naval  Weather  Service 
Facilities  (NAVWEASERVFAC).  The  establish- 
ment ofa  new  NAVWEASERVFAC  at  Glenview 
is  proposed  to  centralize  Reserve  functions. 
These  organizations  will  fall  under  the  Coni- 
niancler  in  the  same  category  as  weather  centrals 
and  remaining  facilities.  At  this  writing  other 
anticipated  changes  are  proposed  to  various 
NWSED's  around  th  c  globe. 

As  finalizalion  of  plans  and  implementation 
takes  place  it  is  anticipated  that  COMNAV- 
WEASER  will  distribute  an  up  to  date  chart  as  a 
change  to  The  Manual  of  the  Naval  Weather 
Semce  Command.  NAVWEASERVCOMINST 
5400.1  (Series). 

FUNCTIONS 

Commander  Naval  Weather  Service  Command 
has  a  number  of  varied  functions  to  perform  in 
support  of  his  assigned  mission.  They  are  too 
lengthy  for  inclusion  in  this  manual  but  they  are 
found  in  entirety  in  the  Manual  of  the  Naval 
Weather  Service  Command,  NAVWEASERV- 
COMINST 5400.1  (Scries).  It  is  recommended 
that  you  refer  to  this  instruction  for  their  listing. 

NAVAL  WEATHER  SERVICE 
COMMAND  ELEMENTS 

In  order  to  effectively  carry  out  the  assigned 
mission  of  the  Naval  Weather  Service  Conmiand, 
the  Commander  has  command  and  support 
responsibilities  for  designated  field  activites.  In 
turn,  these  field  activities  have  a  number  of 
Clements,  NWSED\s,  under  their  command. 

FIELD  ACTIVITIES 

There  are  four  types  of  field  activities  directly 
under  COMNAVWEASERV:  these  are  Head- 
quarters, NAVWEASERVCOM:  Fleet  Numerical 
Weather  Central:  Fleet  Weather  Centrals  and 
Facilities:  and  Naval  Weather  Service  Facilities, 

Headquarters.  NAVWEASERVCOM  is  staffed 
by  officers,  enlisted,  and  civilian  personnel  who 
provide  the  Commander  with  the  staff  support 
required  to  perform  his  mission  and  functional 
responsibilities.  Among  his  assistants  located  at 


headquarters  are  the  Deputy  Commander  as  well 
as  assistants  for  Resources  Management  and 
Training,  Command  Operations,  Plans  and 
Policy,  and  Programs,  Requirements  and  Scien- 
tific Sei-vices.  The  Senior  Enlisted  Advi.sor  (SEA) 
to  the  Commander.  Naval  Weather  Service  Com- 
mand is  aLso  a  staff  member. 

The  Fleet  Numerical  Weather  Central  coordi- 
nates the  electronic  computer  effort  of  the 
NAVWEASERVCOM.  Its  niultiniission  responsi- 
bilities include  basic  processing,  NEDN  support, 
centralized  supply  operations,  BT  Co-op  pro- 
gram, satellite  data  handling  center,  and  develop- 
ment and  test  of  numerical  techniques  in  mete- 
orology and  oceanography,  among  others. 

Fleet  Weather  Centrals  are  assigned  geo- 
graphic areas  of  responsibility  within  which  they 
perform  the  functions  of  data  collection,  cen- 
traliz.ed  computer  processing,  and  the  dissemina- 
tion of  analyses,  forecasts,  warnings,  and  ship 
routing  information.  Fleet  Weather  Facilities 
provide  assistance  in  the  performance  of  these 
functions  assigned  to  the  weather  centrals  in 
their  respective  areas.  In  addition  they  are 
assigned  specialized  tasks  such  as  hurricane 
forecasting.  ASWEPS  support,  surf  and  swell 
forecasting,  and  ice  reconnaissance  coordination 
and  forecasting. 

In  order  to  relieve  centralized  processing 
centers  and  Fleet  Weather  Centrals  providing 
direct  fieet  support  from  the  detailed  duties  of 
providing    management    and    command  for 
NWSED's,  Naval  Weather  Service  Facilities  were 
recently  established.  These  units  will  specialize 
in  command  and  management  of  these  detach- 
ments as  well  as  function  in  other  fields  as 
directed  by  the  Commander.  Plans  presently  call 
for  the  realinement  of  NWSED^s  to  fall  under 
the  command  of  one  of  the  following  Naval 
Weather  Service  Facilities:  London,  Pensacola, 
Jacksonville,  or  San  Diego.  In  addition  Pensacola 
will  also  function  as  headquarter  relating  to  the 
technical  phase  of  AG  training  and  advance- 
ment. 

AREA  REPRESENTATIVES 

The  mission  of  the  Naval  Weather  Service 
Com  mand  Represen  ta  tives  ( NAVWEASERV- 
COM REPS)  is  JLssigned  by  COMNAVWEA- 
SERV. The  approved  mission  is  to  represent 
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C0MNAV\VI:AS1:KV  as  cliroctod  ami  to  provide 
liason  with  and  assistance  to  l-lcct  Coninianders 
Ml  Chief  and  the  Chief  of  Naval  Training  in  the 
exercise  of  their  authoritative  control  over  the 
pioduct  output  of  Fleet  Weather  Centrals  and 
Facilities. 

I  hese  lepresentatives  report  directly  to  COM- 
NAVWbASLRV.  The  following  billet  in- 
cumbents are  ordered  Additional  Dut>  as  NAV- 
WliASURVCOM  RIIP. 


BILLFT 

CINCPACFLl  (SIAFF) 
Fleet  Meteorologist 

CINCLANTFLI  (STAFF) 
Director  Meteorology  and 
Oceanography 

CO  NAVWFASLRVFAC 
LONM)ON 

CO  NAVWhAShRVFAC 
PENSACOLA 


TITLF 

NAVWbASFRVCOM 
RFP  PAC 

NAVWEASERVCOM 
REP  LANT 


NAVWEASERVCOM 
REP  EUR/MED 

NAVWEASERVCOM 
REP  CNT 


WATCH  AND  ROUTINE  DUTIES 

Most  weather  units  operate  24  hours  a  da>.  7 
days  a  week.  Units  may  operate  a  lesser  number 
of  hoars  but  this  will  generally  be  in  smaller 
units  and  will  be  dictated  by  the  types  of 
operations  «:onducted  or  possibly  by  the  hours 
of  operation  of  the  landing  field.  However,  even 
at  stations  with  restricted  hours  for  aircraft 
operations,  weather  units  may  be  required  to 
operate  around  the  clock  to  provide  timely 
forecasts  and  warnings  to  local  commands  lor 
the  preservation  of  property  and  safety  of 
personnel. 

In  order  to  have  a  smooth  running  system  a 
walcii  list  is  published  to  show  the  unit's 
personnel  the  times  that  they  will  be  required  to 
work. 


the  Officer-in-Charge/Chief  Petty  Officer-in- 
Charge,  ashore. 

There  are  many  variations  of  watch  lists  and 
by  the  time  you  have  advanced  to  the  AG  I  level 
you  have  undoubtedly  gained  much  experience 
with  them,  and  how  they  are  used.  Major 
consideration  in  perparing  a  watch  list  will  of 
course  be  the  number  of  personnel  that  may  be 
utilized  on  the  watch  list.  It  is  also  important  to 
consider  when  peak  workloads  occur  to  insure 
that  an  adequate  number  of  personnel  are 
available  to  handle  the  workload  at  that  time. 

In  some  units  in  which  radiosonde  oi  rawin- 
sonde  obsei-vations  are  made,  it  may  be  neces- 
sary to  provide  a  separate  watch  list  forpei-son- 
nel  engaged  in  this  work. 

In  all  cases  though,  care  should  be  taken  in 
watch  list  preparation  to  equalize  the  number  of 
hours  worked  and  develop  a  smooth  rotation  of 
the  various  shifts. 

Preparation  of  shipboard  watch  lists  actually 
presents  more  of  n  problem  due  to  the  limited 
number  of  personnel,  and  the  demands  for 
personnel  to  assist  in  normal  shipboard  routine. 
The  rotation  of  the  hours  of  duty  is  not  so  easily 
achieved  as  ashore.  One  practice  is  to  have  each 
section  stand  a  particular  shift  for  the  duration 
of  a  portion  of  a  cruise.  During  in-port  or 
stand-down  periods  the  rotation  of  shifts  can 
generally  be  accomplished  in  the  easiest  manner. 
Normally  during  in-porl  periods  office  routine  is 
relaxed  to  a  degree.  When  ships  are  in  ports 
where  shore  weather  units  are  located,  the  shore 
unit  will  normally  provide  required  services  such 
as  charts  and  local  area  forecasts. 

Table  20-1  provides  an  example  of  a  typical 
watch  list  utilized  at  shore  weather  units.  In  this 
table  section  A  averages  42  hours  per  week, 
sections  B  and  C  average  44  hours  per  week  and 
section  D  averages  38  hours  per  week.  If  the 
time  alloted  for  training  is  actually  utilized  as 
such,  the  average  for  each  section  will  increase 
to  50  to  60  hours.  Although  average  houi-s 
worked  differ  over  this  short  period  they  will 
average  equally  over  a  longer  period. 


WATCH  LIST 

Watch  lists  are  generally  prepared  by  the 
senior  Aerographefs  Mate  assigned  to  the  unit 
and  approved  by  the  Meteorological  Officer  or 


ROUTINE  DUTIES 

The  primary  function  of  the  weather  unit  is 
to  provide  meteorological  and  oceanographie 
products  and  services  to  the  naval  service.  To 
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Table  20-1.-Watch  list-shore  station. 


Date 


Day 


1  TUE. 

2  WED, 

3  THU. 

4  FRI. . 

5  SAT. 

6  SUN. , 

7  MON, 

8  TUE. 

9  WED. 

10  THU. 

11  FRI.. 

12  SAT. , 

13  SUN. , 

14  MON. 

15  TUE. 

16  WED. 

17  THU. 

18  FRI.. 

19  SAT. . 

20  SUN.. 

21  MON. 

22  TUE.. 

23  WED. 

24  THU.. 

25  FRI.. 

26  SAT. . 

27  SUN. . 

28  MON. 


00-08 


A 

A 

A 

D 

D 

D 

C 

C 

C 

B 

B 

B 

A 

A 

A 

D 

D 

D 

C 

C 

C 

B 

B 

B 

A 

A 

A 

D 


08-16 


B 
B 
B 
A 
A 
A 
D 
D 
D 
C 
C 
C 
B 
B 

B 

A 

A 

A 

D 

D 

D 

C 

C 

C 

B 

B 

B 

A 


16-24 


C 

C 

C 

B 

B 

B 

A 

A 

A 

D 

D 

D 

C 

C 

C 

B 

B 

B 

A 

A 

A 

D 

D 

D 

C 

C 

C 

B 


In  training 


D 


B 


D 


B 


Liberty 


D 
D 

C 
C 
C 
B 
B 

A 
A 
A 
D 
D 

C 
C 

B  ' 
B 

A 
A 

D  ' 

D 
D 
C 


Section  A 


1.  AGl... 

2.  AG2.. 

3.  AG3. . 

4.  AG3.., 

5.  AGAN. 


Section  B 


1.  AGl... 

2.  AG2... 

3.  AG3.., 

4.  AG3... 

5.  AGAN. 


SUBMITTED: 
(signature) 
Office  Supervisor 


Section  C 


Section  D 


1.  AGl.., 

2.  AG2.. 

3.  AG3.. 

4.  AGAN. 

5.  AGAN. 


1.  AGl... 

2.  AG2.., 

3.  AG3.., 

4.  AGAN. 

5.  AGAN. 


APPROVED; 
(signature) 

Meteorological  Officer 


ERLC 


646 

652 


Chapter  20-  ADMINISTRATION,  TRAINING.  AND  COMMUNICATIONS 


accomplish  these  tasks  there  are  many  routine 
duties  to  be  performed  by  the  Aerogiapher\s 
Mates.  A  broad  generahzed  breakdown  of  these 
duties  is  as  follows: 

1.  Observe,  record  and  report  meteorological 
and  oceanographic  conditions  at  regular  and 
specified  intervals. 

2.  Code  and  send  reports  through  regular 
communication  channels  to  designated  activities. 

3.  Receive  and  plot  reports  from  other 
sources. 

4.  Maintain  needed  supplies. 

5.  Instrument  maintenance. 

6.  Work  up  climatological  data. 

7.  Provide  any  special  environmental  data 
requested  by  authorized  users. 

Along  with  these  routine  duties  a  number  of 
jobs  or  duty  assignments,  of  a  nonmeteorologi- 
cal  nature,  will  be  assigned  to  weather  unit 
personnel.  This  is  more  prevalent  aboard  ship 
than  ashore.  Some  of  these  will  include. 

1.  JOOD  watches. 

2.  Shore  patrol. 

3.  Departmental  duties,  i.e.,  security  watches, 
duty  petty  officer,  etc. 

4.  Working  parties. 

5.  Damage  control  duties. 

Although  these  duties  seem  small  in  number 
they  will  have  to  be  seriously  considered  when 
preparing  the  watch  list. 

EMERGENCY  BILLS 

All  weather  units  will  have  a  Watch,  Quarter, 
and  Station  Bill,  which  should  be  conspicuously 
posted  and  kept  up  to  date.  Although  not  an 
emergency  bill  in  itself  the  W,  Q,  &  S  Bill 
provides  information  concerning  the  assignment 
of  personnel  during  emergency  conditions. 

On  shore  stations  this  will  generally  include 
fire  station  assignments,  .shelter  or  duty  assign- 
ment for  destructive  weather  conditions,  and 
team  or  shelter  assignment  for  disaster  control. 

Fire  stations  within  each  weather  unit  will 
generally  bo  assigned  to  personnel  of  the  unit. 
Frequently  Aerographer's  Mates  will  be  assigned 
to  the  disaster  control  party  to  act  as  ob.scrver  or 


forecaster  to  work  in  conjunction  with  helicop- 
ter recovery  operations.  These  persoiuiel  nia\  be 
airlifted  to  remote  landing  sites  and  operate 
from  there. 

The  shipboard  Watch,  Quarter,  and  Station 
Bill  will  encompass  moie  areas.  Its  proper 
preparation  will  require  reference  to  the  Battle 
Organization  Manual  and  the  Ships  Organization 
and  Regulations  Manual. 

The  W,  Q,  &  S  Bill  includes  the  assignment  of 
particular  duties  or  stations  to  each  person 
during  the  various  emergency  conditions,  such  as 
general  quarters,  fire,  man  overboard,  collision, 
or  nuclear,  biological,  and  chemical  defense. 

As  a  senior  petty  officer  you  will  be  directly 
involved  in  the  preparation  of  such  bills  Ii  is 
important  that  you  familiarize  youiself  with,  all 
applicable  instructions  that  govern  tlieni. 

RECORDS  AND  REPORTS 

Efficient  adniinsitration,  direction,  operation, 
and  coordination  of  the  Naval  Weather  Seivice 
necessitates  information  about  the  operation  of 
each  weather  unit.  Most  of  the  information  is 
obtained  through  the  medium  of  regular  reports 
and  accurate  records  on  the  operation  of  each 
weather  unit.  Regularly  recurring  reports  supply 
the  Commander  of  the  Naval  Weather  Service 
Command  with  this  information. 

Within  this  section  we  will  discuss  some  of  the 
required  reports  and  records  as  well  as  the 
proper  disposal  methods. 

REQUIRED  CHARTS, 
RECORDS  AND  REPORTS 

Weather  units  will  determine  on  an  individual 
basis  the  charts  they  wi:*  require  to  cany  out 
their  assigned  duties.  With  the  complete  cover- 
age afforded  by  the  National  Facsimile  Network 
very  few  of  the  smaller  units  will  locally  produce 
charts.  Larger  units  and  those  providing  charts 
for  Fleet  Facsimile  Broadcasts  will  employ 
locally  produced  and  numerically  produced 
charts.  A  number  of  National  Facsimile  charts 
*vill  also  be  retransmitted  over  the  Fleet  Broad- 
cast. 

The  Chief  of  Naval  Operations  requires  all 
weather  ob.serving  meteorological  units  to  com- 
plete and  submit  monthly  the  Meteorological 
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Records  Transmittal  Form,  NWSC  3140/6.  Even 
during  months  when  observations  are  tempor- 
arily discontinued,  such  as  the  ship  being  in  the 
vard.  the  report  is  to  be  submitted.  This  iorm 
serves  llio  function  of  a  letter  of  transmittal  for 
the  monthly  meteorological  records.  The  in- 
structions for  filling  out  and  mailing  of  the  fonn 
are  contained  on  the  reverse  side  of  the  form. 

The  Meteorological  Station  Report  Descrip- 
tion and  Instrumentation,  NWSC  Form  3140/5 
will  be  prepared  as  of  1  January  each  year  and 
submitted.  It  will  also  be  prepared  and  sub- 
mitted when  there  is  a  change  which  affects  one 
or  more  of  the  entries  on  the  form.  This  report 
will  also  include  commissioning  or  decomniis- 
sioiuiig  of  a  ship  or  station  and  periods  of 
expansion  or  curtailment  of  meteorological  ac- 
tivities. The  original  will  be  sent  to  NWSED 
Asheville  with  a  copy  to  COMNAVWEASERV. 

Nava!  Weather  Service  Command  shore  sta- 
tions will  also  submit  monthly  a  Report  of 
Assigned  Manpower/Personnel,  NWSC  1080-4. 
PcLsonnel  status  as  of  the  last  day  of  the  month 
will  be  reflected  on  the  report.  This  report 
should  he  submitted  so  that  the  original  reaches 
Headquarters  Naval  Weather  Service  Command 
no  later  than  the  10th  of  the  following  month. 

In  addition  to  th^^se  reports,  units  may  have 
to  submit  other  reports  to  their  controlling 
activity  Such  information  as  civilian  work 
schedules,  submission  of  time  cards  for  pay 
purposes  and  budgetary  information  are  some 
examples  These  types  of  required  reports  will 
vary  however. 

DISPOSAL  INSTRUCTIONS 

The  periods  of  retention  and  disposal 
methods  of  records  and  reports  vary.  Obsei-va- 
tional  records  will  be  submitted  monthly  for 
quality  control  checks  at  the  National  Climatic 
(Vnter  Carbon  copies  of  surface  weather  obser- 
vations will  be  retained  indefinitely  ashore  and 
f^vit  lejst  2  years  aboard  ship.  Locally  prepared 
forecasts  and  warnings  will  be  retained  for  1 
year,  except  for  storm  and  small  craft  warnings, 
which  are  retained  for  6  months. 

For  a  detailed  listing  of  applicable  retention 
periods  and  disposal  methods  refer  to  SecNav 
Instruction  5215.5  (Series),  Part  11,  Chapter  3. 


TRAINING  AND  INSPECTION 
PROCEDURES 

There  are  definite  reasons  why  training  is  so 
important  within  the  Naval  service.  Foremost 
among  these  is  training  of  personnel  to  perform 
their  assigned  duties  in  the  most  effective  and 
efficient  manner.  New  equipment  or  methods 
require  training  in  their  proper  operation  or 
utilization,  even  to  senior  personnel.  The  prepa- 
ration of  personnel  to  participate  m  the  advance- 
ment examinations  also  necessitates  a  thorough 
training  program. 

Proper  operation  and  maintenance  of  equip- 
nienl  requires  the  formulating  of  proper  inspec- 
tion procedures.  A  comprehensive  inspection 
program  will  in  many  cases,  enable  you  to  detect 
and  prevent  problems  before  they  arise. 

In  this  Section  we  will  discuss  both  of  these 
areas  in  general, 

TYPES  OF  INSTRUCTION 

The  desired  results  of  training  programs  will 
dictate  the  manner  in  which  training  should  be 
conducted  within  the  individual  unit.  There  are 
two  general  types  of  instruction:  on-the-job 
type,  and  formal  or  classroom  type  of  instruc- 
tion. The  most  proficient  type  of  training 
program  will  utilizx  each  type  of  training  to 
some  degree. 

Even  though  junior  personnel  may  have  com- 
pleted school  training  in  the  rate,  they  will  not 
be  completely  ready  to  perform  all  the  varied 
tasks  assigned  them  upon  reporting  to  their  duty 
station.  The  school  has  provided  them  with 
theory  and  basic  infoniiation,  but  the  on-the-job 
training  in  the  individual  unit  will  polish  the 
skills  that  they  will  need  to  perform  their  tasks. 
This  type  of  training  will  also  familiarize  person- 
nel with  the  proper  operation  and  maintenance 
of  the  various  equipment  they  will  be  using. 

On-the-job  training  is  the  most  widely  used 
type  of  training  and  there  are  reasons  for  thi^s.  It 
can  normally  be  carried  out  during  the  normal 
work  cycle  of  the  individual  and  requires  neither 
extra  time  nor  personnel  in  conducting  it.  This 
type  of  training  generally  revolves  around  the 
section  leader  who  will  instruct  the  individual 
while  he  is  performing  the  various  tasks.  The 
one-on-one  relationship  allows  time  and  closeness 
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of  supervision  so  that  the  individual  can  normally 
learn  at  a  rather  rapid  rate. 

There  are  limitations  to  this  type  of  training 
in  that  it  can  only  train  personnel  in  tasks  that 
are  being  performed  in  that  particular  unit  as 
well  as  allowing  them  to  become  familiar  with 
equipment  that  the  unit  possesscb.  The  effective- 
ness of  the  program  is  greatly  dependent  on  the 
desire  of  the  person  conducting  the  training,  as 
the  trainee  will  learn  only  information  and 
methods  that  his  instructor  imparts  to  him. 

Some  formal  or  classroom  type  of  training 
should  also  be  conducted.  Here  new  equipment, 
new  methods  or  theoretical  background  can  be 
taught.  Also  equipment  not  within  the  local  area 
or  operations  not  performed  locally  can  be 
discussed.  This  type  of  training  will  generally  be 
used  HI  preparing  personnel  for  future  assign- 
ment to  other  units  and  advancement  examina- 
tions and  should  be  organized  to  include  all  data 
covered  in  the  **Quals"  Manual. 

In  both  on-the-job  and  formal  training,  pro- 
gramed instruction  can  be  used  to  advantage  to 
provide  individualized  instruction. 

In  order  to  have  an  effective  training  program, 
whether  it  be  on-the-job  or  formal  classroom 
type,  it  is  necessary  to  Have  a  competent  petty 
officer  responsible  for  its  operation.  Training 
schedules  should  be  prepared  and  adhered  to. 
Records  should  be  kept  to  substantiate  the 
training  each  individual  has  had.  Personnel 
assigned  the  responsibility  of  conducting  the 
various  segments  of  training  should  be  notified 
well  in  advance  so  they  may  properly  prepare 
their  material. 

Information  pertaining  to  the  duties  of  a 
petty  officer  as  an  histructor  is  covered  in 
Military  Requirements  for  Petty  Officer  1  &  C, 
NavTra  10057-C.  The  Manual  for  Navy  ln>tntL- 
tors,  NavPers  16103-C,  provides  an  excellent 
reference  for  personnel  to  utilize  concerning  the 
techniques  of  teaching  that  should  be  employ  ed» 
as  well  as  pertinent  items  such  as  lesson  guides, 
lesson  plans,  and  train'"''?  aids. 

One  measurement  '  the  effectiveness  of  a 
training  program  is  nally  considered  to  be 
the  results  of  the  at.  .icement  examinations. 
However,  the  overall  proficiency  and  perform- 
ance of  any  weather  unit  is  dependent  upon 
personnel  being  trained  to  do  their  job  in  the 
most  efficient  or  effective  manner.  A  proficient, 
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smooth  running  organization  will  goneralK  have 
a  well  organized  and  well  run  training  program. 

SCHEDULING  INSPECTIONS 

Most  meteorologicak  oceanographic  and 
NLDN  tie-line  equipment  requires  periodic  in- 
spection to  insure  its  proper  oporaiion.  This 
periodic  inspection  nia>  be  part  of  an  outlined 
maintenance  program  or  it  may  consist  of 
visually  iispectiiig  the  equipment  only.  Which- 
ever it  L,  strict  adherence  to  such  procedure  is  a 
necessity. 

As  a  senior  petty  officer,  the  responsibility 
for  the  formulation  and  admiiiistiation  of  such 
procedures  will  be  yours.  This  requires  the 
organizing  of  records  that  show  that  the  inspec- 
tions are  being  conducted  as  scheduled.  At  (he 
start  you  must  ii.ake  certain  that  per  sonnel  who 
are  to  conduct  these  inspections  are  familiar 
with  the  equipment  and  procedure.  They  should 
also  be  informed  of  some  of  the  possible 
discrepancies  they  can  expect  to  find.  This  may 
be  accomplished  by  conducting  (raining  sessions 
on  the  particular  equipment  involved. 

To  make  the  inspecticn  program  do  i(s  job 
you  must  closely  monitor  it.  Routine  checking 
of  both  logs  and  the  equipment  itself  will  make 
youi  assigned  personnel  aware  that  you  are 
interested  in  their  doing  a  proper  job.  failure  (o 
followup  is  probably  (he  greatest  pi(fall  of  any 
inspection  program.  This  allows  for  (he  **gun- 
decking''  o.  .ogs  and  repor(s  without  the  inspec 
tions  being  performed. 

The  direct  resuhs  of  incorporating  an  effec- 
tive inspection  pro^;ram  within  your  uni(  is 
reduction  in  the  amount  of  down  time  fo^  each 
piece  of  equipment.  A  properly  conducted  and 
administered  program  will  give  nuiximum  opera- 
tional time  on  all  equipment. 

COMMUNICATIONS 

Communications  plays  an  impor(an(  role  in 
both  the  co^ection  of  weather  data  lor  evalua- 
tion and  analysis  and  again  in  the  disseminalicn 
of  forecasts  and  warnings  so  they  may  be 
utilized  to  the  fullest  extent  possible 

The  most  common  type  of  communications 
used  by  v/eather  personnel  will  be  teletype  and 
facsimile  systems.  Both  of  these  systems  have 
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been  ihoroughly  cliscussxcl  in  chapter  23  of  AG 
3&2,NavTra  10363-D. 

In  this  section  we  will  briefly  discuss  two 
other  modes  of  coniniunications  you  will  come 
in  contact  with. 

COMPUTER  SYSTEMS 

Computer  systems  are  used  within  the  Naval 
Weather  Service  to  perform  functions  ranging 
from  collection  and  processing  of  raw  data:  to 
preparation  of  the  data  for  retransmission. 

There  are  a  number  of  different  types  of 
computer  systems  in  use  by  the  weather  service. 
These  computer  systems  are  discussed  in  chapter 
1 1  of  AG  3  &  2.  NavTra  10363-D. 

The  Navy  Environmental  Data  Network  em- 
ploys coniputeis  in  the  distribution  of  its  prod- 
ucts. 

NAVY  ENVIRONMENTAL  DATA  NETWORK 

This  communications  mode  utilized  within 
the  weather  service  is  more  commonly  referred 
to  as  NEDN. 

Information  transmitted  via  NEDN  is  received 
from  two  primary  sources,  the  Automated 
Weather  Network  (AWN)  of  the  U.S.  Air  Force 
and  from  stations  connected  to  the  NEDN. 

The  NFDN  is  used  primarily  for  the  collection 
of  oceanographic  and  meteorological  data  from 
naval  wenther  units,  with  oceanographic  observa- 
tions being  of  primary  concern,  and  for  retrans- 
mission of  products  to  users.  The  NEDN  consists 
of  an  interconnected  system  of  digital  com- 
puters and  associated  online  telecommunications 
and  peripheral  equipment  which  has  been  inte- 
grated for  the  rapid  collection,  processing,  dis- 
semination and  display  of  environmental  data. 

Additional  information  on  the  NEDN  may  be 
found  in  NAVWEASERVCOM  INST  2309.1(  ). 

SECURITY 

Everyone  has  the  responsibility  to  safeguard 
classified  information.  As  a  senior  petty  officer 
you  may  expect  to  be  assigned  duties  in  the 
management  of  classified  material  as  well  as 
developing  and  supervising  educational  programs 
dealing  with  proper  security  procedures.  Both  of 
those  duties  are  extremely  important  within  any 


unit.  In  these  sections  we  will  discuss  the  various 
aspects  of  these  duties  that  you  should  be 
cognizant  of. 

SECURITY  CLASSIFICATION 
MANAGEMENT 

Local  management  of  classified  material  will 
be  assigned  by  the  Commanding  Officer/Offi- 
cer-in-Charge  of  the  organization.  The  duties  of 
the  designated  individual  will  cover  all  the 
aspects  of  the  proper  stowage,  handling  and 
destruction  of  classified  material  under  his  cog- 
nizance. He  will  be  responsible  for  keeping  of 
accurate  records  from  receipt  to  destruction  of 
classified  material. 

For  complete  information  of  duties  as  well  as 
guidance  in  performance  of  assigned  managerial 
duties  reference  should  be  made  to  OpNav  Inst. 
5510.1  (Series)  and  DOD  Regulation  5200.1 
(Series). 

SECURITY  EDUCATIONAL 
PROGRAMS 

The  security  educational  program  of  any 
organization  should  be  designed  to  fit  thv* 
particular  requirements  of  personnel  that  have 
access  to  classified  information,  Ihis  progiam 
should  include  the  following  as  a  niiinniuni. 

1.  Advise  personnel  of  the  need  for  piotect- 
ing  classified  information  and  the  adverse  effects 
to  the  national  security  resulting  fioni  ^onipio- 
mise. 

2.  Indoctrinate  personnel  fully  in  the  princi- 
ples, criteria,  and  procedures  for  the  classifica- 
tion, downgrading,  and  declassifiuition  of  mate- 
rial. Alert  persojinel  to  prohibition  on  mipiuper 
use,  and  abuses  of  the  classification  and  declassi- 
fication exemption  system. 

3.  Familiarize  personnel  with  the  specific 
security  requirements  of  their  particular  assign- 
ment. 

4.  Make  personnel  aware  of  various  tech- 
niques employed  by  foreign  mtclligence  activi- 
ties to  obtain  classified  information,  as  well  as 
the  responsibility  fur  reporting  any  attempts. 

5.  Advise  personnel  of  the  hazards  and  stutt 
prohibitions  u  *  discussion  of  classifiou  inlorma- 
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tion  in  diiy  such  inaiinci  that  it  may  be 
inlercepteJ  b>  unauthorized  persons, 

6.  Advise  personnel  of  the  disciphnary  action 
that  may  result  Ironi  violation  of  security 
regulations. 

To  achieve  maximum  benefits  from  a  security 
education  program,  the  program  must  cover  a 
variety  of  security  facets  as  well  as  being  geared 
to  cover  a  wide  cross-section  of  personneK  It 
should  commence  with  tlie  indoctrination  of 
new  personnel  and  nichule  periodic  refresher 
training  for  those  personnel  who  are  Lontinually 
handling  classified  matv*rial.  Portions  of  the 


program  should  also  cover  foreign  travel  by 
persons  having  had  access  to  classified  material 
and  the  proper  debriefing  of  personnel  who  are 
terminating  or  transferring. 

The  preceding  areas  of  educational  training 
mentioned  actually  comprise  only  the  minimum 
training  that  should  be  covered.  Additions  to 
these  should  be  made  by  organizations  as  their 
particular  missions  warrant. 

OpNav  Instruction  5510,0  (Series)  and  DOD 
Regulation  5200.1  (Series)  provide  guidance  for 
the  formation  of  a  sound  and  complete  security 
education  program. 
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A 


Absolute  vorticity,  109 
Actual  upper  wind,  218 
Advancement,  4-7 
general,  -1,  5 

practical  factors,  record  of,  5 

preparation  for,  4 

training  publication,  6,  7 
Advection: 

forecasting,  547 

process,  338 
Aerodynamic  heating,  effects  on  icing,  395 
Aerographer*s  mate  rating,  1-7 
Air: 

density  computation,  572 

pollution  potential,  553-560 

saHiration,  382 
Airniass: 

analysis,  204 

classifiCc:tion,  118.  119 

cloudiness,  312 

condition  for  formation  of,  117 

general,  209 

labeling,  207 

modification,  122-131 

source  regions,  118-122 

types,  382 
Altimeter  error,  576 
Analysis: 

air  mass,  204 

approach,  172 

approach  for  troi)ical  forecasting,  442 

common  errors,  229 

contour,  228 

extended,  172 

frontal,  235 

hand  drawn,  262 

intermediate,  171 

isallolxii  ic.  206 

isobarie.  180 

isotach,  246 

Jetstream,  246 
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Analysis  —  continued 

local,  171 

moisture,  241 

precipitation,  205 

radiosonde,  253 

southern  hemisphere,  207 

space  differential,  254 

specific  features,  234 

surface  isobaric,  449 

synoptic,  2ll 

time  sections,  438 

tropopause,  252 

upper  air,  212,  455 

vorticity,  244 

weather  distribution,  452 
AN/: 

FPS-41,  623 

FPS-68,  623 

FPS-81,  620 

GMD-1,  642 

GMD-2,  641 

GMM-1,  642 

GMM-3,  642 

GMQ-10,  604-608 

GiMQ-13,  610 
640 

TMQ-5,  642 
Anticyclogenesis  Indicator,  296 
Antarctic: 

ice  observ^ations,  581 

weather,  581 
A-scan  prc*?entation,  618 
ASHAP,  552 
ASWKPS,  551 

B 

Barograph,  marine,  59^, 
Barometer: 

FA-112,  596 

Fortin,  595 

ML-448/UiM,  096 
Basic  wind  theory,  62-6fi 
Bathythermograph,  6  ;5-629 
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Battery  test  set  ANVaMM-1,  640-641 

Billet  assignment,  2 

Blocks,  87-89 

Breezes,  land  and  sea,  26 

C 

Calibration  of  radiosonde  receptor  AN/SMQ-l, 
637-640 

Carrier  aircraft  briefing,  492 
Ceiling  light  projector  (ML-121),  603 
Chart: 

150-,  100-,  50-,  and  25-mb,  82 
200-mb,  82 
300-mb,  82 
500-mb,  82 
700-mb,  82 
850-mb,  82 
1,000-mb,  81 
Advection,  257 
facsimile,  555 
GG  THETA,  239 
space  differential,  82,  83 
surface,  448 
time  differential,  258 
Circulation,  66-73 
features,  86-99 
general,  66,  67 

induced  or  dynamic  tertiary,  72,  73 

seasonal  variations,  68-70 

secondary,  67-70 

tertiary,  70-73 
Clear  ice,  393 
Climate: 

classification  of,  12,  13 

controls,  14-18 

definition  of,  8 

types,  14 

zones, 13 
Climatic  elements: 

absolute,  10 

condensation,  9,  10 

evaporation,  10 

extremes,  10 

frequency, 11 

hydrometeors  (precipitation),  9 

mean  or  average,  10 

median,  11 

mode,  11 

normal,  10 
Climatological  data,  18-23 
Climatology: 

descriptive,  8 

dynamic,  8 

Jetstream,  95,  96 

physical,  88 

relation  to  other  sciences,  8,  9 


Clinometers: 

MT.-llO.  599 

ML-591,  599,  600 
Cloud: 

analysis,  321 

cirriform,  396 

cumulifovni,  396 

formation  by  heating,  362 

height  set  AN/GMQ-13,  610 

stratiform.  390 
Command  and  staff  briefings,  474 
Communications,  649 
Computer: 

products,  184 

systems,  650 
Condensation,  48-50 

forecasting',  412 

process,  306 

trails,  411 

types  of  contrails,  412 
Constant  pressure  surfaces,  215 
Contour: 

analysis,  228 

drawing,  228 

parameters,  220 

prognostic,  274 

relation  to: 
fronts,  233 

pressure  systems,  233 

sketching,  229 
Convergence,  99-105 
Converter  indicator  group,  608-610 
Cooling,  nocturnal,  382 
Critical  eccentricity,  271,  272 
Currents,  ocean,  452 
Cutoff  lows,  89 
Cyclogenesis,  145 
Cyclone: 

relationship  to  Jetstream,  118 

tropical,  428 
Cyclostrophic  wind,  65 

D 

Data: 

augmenting, -240 

climatological,  18-23 

upper  air,  order  of  accuracy,  213 

weather: 

evaluation,  173 
representativeness,  174 
revolving  erroneous,  213 
Debriefings,  475 
Density: 

altitude.  r)73 
Deviations,  standard,  11,  12 
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Dew  point: 

depression,  327 

transmitter,  613 
Divergence: 

and  convergence,  99-105 

high  tropospheric,  292 
Drift  ice,  586 
Ducts,  569-571 
Dynamical  contrasts,  208 

E 

Electromagnetic  radiation,  57-61 

Energ>^  45,  46 

Enlisted  rating  structure,  1 

Equipment: 

Radiosonde,  632 

satellite  ground  receiving,  630-631 
Evaporation,  ice,  587 

F 

Facsimile,  555 
Flight: 

continental,  491 
forecasts,  486-491 
levels,  578 
transoceanic,  492 
weather  briefings,  470 
forms,  481 
packet,  482 

Fog: 

dissipation,  388 
frontal,  387 
ground,  385 
ice,  388 
radiation,  386 

sea,  388  , 

upslope,  387,  392 
Force: 

composition  of,  40-42 

vectors,  40 
Forecast: 

ballistic,  578 

high'air  pollutions  potential  (HAPP), 

558-560 
local  area,  459 
pressJir'^  height,  572 
tailoring,  557 
Forecasting: 

QD  method,  404 
advection,  547,  548 
altimeter  se^^tings,  575 
cirrus,  330-334 
flight,  479 

formation  of  new  pressure  systems,  278 
fi*ontal  clouds,  309 
heat  budget,  549 


Forecasting— continued 
intensity  of: 
fronts,  303 
highs,  296 

pressure  svstems,  272,  2fi9 

troughs  and  ridges,  267 
maximum  snow,  345 
methods: 

George,  288 

Herring-Mount,  285 

Palmer,  286 
mixing,  ocean  thermal  structure,  550 
movem'?nt  of: 

fog  and  stratus,  381 

fronts,  300 

hail,  372 

high-pressure  areas,  285 

low-pressure  areas,  280 

maximum  gusts,  367 

pressui^e  systems  aloft,  269 

procedure,  57? 

sea  waves,  497,  502 

surf,  524,  526 

surface  currents,  542-544 

surface  systems,  280 

swell  waves,  509-524 

techniques,  262 
stratus  formation  and  dissipation,  390 
terminal,  315 

thermal  structure,  545-551 

tropical  cyclone,  460-470 

troughs  and  ridges,  262 

turbulance,  409-411 

upslope  fog,  392 

USAF  method,  368 
Formation  of  fronts,  206 
Frictional  effects  on  air,  66 
Frontal: 

analysis,  190,  201 

characteristics,  131 

clouds,  309 

fogs,  3G2 

intensity,  143 

lifting,  307 

precipitation,  317 

types,  139 

zone,  elements  distribution,  134-138 
Frontogenesis,  303 
Frontolysis,  132,  303 
Fronts: 

classification  of,  139-144 

cold,  141,  154,  157,  170,  562 

location  of,  190 

modification,  169 

movement,  162 

occluded,  141,  164 
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V  ronts  —  continued 
pobr,  144 

quusi-sUitionury,  142 
warm,  UU.  U>9.  562 

G 

Gas  laws,  43-45 
Geoicraphic  contrasts,  208 
Geostrophic  wind,  62,  218 
Gradient  wind,  63 
Great  plains  tornadoes,  380 
Grifl  method  foi'ccasling,  264 
Group  weatliei-  briefings,  473 
Gulf  coast  tornadoes,  381 

H 

liail: 

frequency,  373 

general,  358 
Hazrrd<"  to  flight  in  thunderstorms,  360 
Heat  wave  forecasting,  354 
High: 

and  low  pressure  cells,  75 

level  nWD.  487 

stnicture  of,  76 

vertical  extension  of,  75 
Highs: 

and  lows,  207 

progging  intensity  of,  298 
Historical  sequence,  upper  air  analysis,  227 
Humidity: 

analysis,  327 

chamber,  ML-428/rM,  640 
field,  327 

instr  ^lent  maintenance,  594 
specific,  574 
upper  air,  2l2 
Hurricanes  and  typhoons,  428-432,  562 

I 

Ice: 

land  and  sea,  581 

movement  of,  585 
Icebergs,  583 
Icing: 

aircraft,  392 

forecast,  399 

in  thunderstorms,  358 

intensities,  394 

types,  393 
IFR,  481 

Illustrated  parts  breakdown,  593 


Index: 

stability,  365 
zonal,  86,  87 
Induced  or  dynamic  tertiarv  circulation, 
72,  73 

hiformation,  sources  of,  7 
Inspection: 

maintenance: 

thermometer,  594 
transmissometer,  604 
scheduling,  649 
Instabilitv: 

factors  affecting,  50-57 
line,  159 
'Instruction: 

disposal,  648 

training,  types  of,  648,  649 
Intertropical  convergence  zone,  425-428 
Isallobaric: 

indications,  281,  289 
Isobar: 

drawing,  190 

prognosticating,  303 
Isobaric  analysis,  180-190 
Isoch rones,  317 
Isotherm: 

and  frontal  analysis,  234 

contour  relationship,  84,  85 

drawing,  234 

movement  of,  234 

patterns,  234 

relationship  in  forecasting  266 
J 

Jet: 

multiple,  94 

tropic:^  easterly,  424 
Jetstream: 

analysis,  246 

characteristics,  89-99 

climatology',  95,  96 

distribution  of  wind  field,  93 

location,  251 

polar  front,  93 

subtropical,  98,  423 

synoptic  stnjcture,  91 

thermal  field,  91 

tropopause,  94,  95 

upper  air  charts,  91,  93 

L 

Leadership,  3 
Lightning,  563 

Location  of  front  on  weather  map,  lOO 
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Lojig  wave  putterns,  ^53,  8-1 

Lor.g  Waves .  244 

Low: 

pressure  cells,  75 

stnicture  of,  7S 
Lowering  of  ceiling,  317 
Lows  and  highs.  222 

M 

^laintenance: 

depot  level,  642 

maPiUals,  592 

procedures,  500 

mdiosonde  equipment,  632 

tntnsmissometer,  604 
Major  frontal  /.ones,  209 
Mantsnl: 

meteorological  equipment  maintenance,  593 
operation  and  service  instiuctions,  593 
overhaul  instructions,  593 
Map  nnalysis: 
flat,  1S4 

oi»iectives,  171,  172 
>iean  pressure.  209 

Meusureincnt  of  relative  vorticity,  106-109 
Meteorological  radar,  618 

AX/FPS-41.  623 

AX/FPS-65,  623 

AX/FPS-81,  620 

»)allistic  forecasts,  578 
Method: 

Bailey  Graph,  3G5 

ilillworth,  343 
Microanalysis,  local  lorecas*^,  571 
Mission  weather  indoctrination  briefing, 
474 

Monsoon  winds,  26 
Motion: 

laws  of,  42,  43 

rotational.  106-116 
Movement  of  ice.  585 

N 

Naval  Weather  Service  Command,  643-645 
Navy: 

enlisted  classification,  3 
environmental  data  network,  650 
flight  rules,  480,  481 
Nephanalysis,  316 

NMC  air  pollution  potential  products,  SFiS 

Nomogi'ani,  263 

Nonadiahatic  effects,  338 

Nonlrontal  troughs,  stationary,  202 

Nonoccluding  lows,  347 

Normal  tracks,  285 

Nunil)ering  system  publications,  592 


O 


Occlusion: 
cold,  142 

unstable  wave  cyclones,  150 
warm,  142,  167 

Oceanographic.  services,  552 
Optimum  track  ship  routing,  588 
Ordinary  weather  station  brief ir^,  473 

Oirographic: 
barriers,  312 
influence  on  icing,  397 
lifting,  307 

P 

Parameters: 
thermal,  340 
upper  air  analysis,  220 

Phenomena,  weather,  207 
Plotting,  upper  winds,  440 
Polar  front,  relation  to  Jetstream,  93 
Pollutants,  553 

Portable  radiation  thermometer  PRT-4, 
629 

PPI-scope,  561,  ol9 
Precipitation,  48-50,  306,  329,  417 

Prediction: 

quantitative,  350 

snow  versus  rain,  334-352 

Pressure: 

height  forecast,  572 
instinjments,  maintenance,  594 
pattern  flight,  489 
sea  level,  175 
upper  air,  2l2 
vapor,  574 

Preventive  maintenance: 
cloud  height  set,  610-612 
transmissometer,  604 

Procedure,  general  surface  analysis,  179 

Processes: 

condensation,  306 
precipitation,  306 

Prognosticating  isobars,  303 
Projector,  ceiling  light  (ML-i2l),  603 
Psychrometer,  electric  (ML-450  A/UM),  594 

O 

**Quals''  Manual,  4,  5 
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Radar: 

detection  of  thunderstorms,  359 

equipment,  620 

facsimile  recorder,  624 

indicators,  618 

interpretation,  560 

meteorological,  fcllS 

wave  propagation,  567 
Radiation: 

effective  back,  549 

electromagnetic,  57-61 

incoming,  549 

solar ^  580.  581 
Radiosonde: 

humidity  elemexit,  323 

maintenance  and  calibration,  632 
Rain: 

in  thunderstorm,  358 

or  snow,  562 
Raobs,  322,  324 
Ravine  winds,  26,  27 
Receiver: 

air  temperature,  616 

dewpoint,  615 
Receiving  set.  radiosonde  ANySMQ-3,  640 
Reciprocating,  engine  aircraft  icing,  398 
Records: 

disposal  of,  648 

required,  meteorological,  647 
Refraction,  525 
Refraction  index,  567,  568 
Relative  vorticity,  106-109 
Reports: 

military  transport  aircraft,  422 

reconnaissance,  421 
HHI-scope,  564,  620 
Ridges,  244 
Rime  ice,  395 

Rotary-wing  aircraft  icing,  399 
Route  and  terminal  forecasts,  487 
Routine  duties,  645 
R-scan  presentation,  618 


Satellite: 

cloud  photograph: 

application,  ?10,  236 
interpretation,  192 
ground  receiving  equipment,  630-631 
Scales,  wind,  geostrophic,  and  gradient, 
181, 219 
Scheduling  inspections,  649 


Sea  level  pressure,  175 
Seasonal  variations,  68-70 
Secondary  circulations,  67-70 
Security,  650,  651 

Semiautomatic  meteorological  station 

AN7GMO-14,  613 
SHARPS,  552 
Shoaling,  525 
Short  wave  patterns,  84 
Solar  disk,  features  of,  59 
Spare  parts,  meteorological  instruments. 

592 
Special: 

obsei'\^ations  and  forecasts,  553 

weather  briefing,  475 
Squall  lines,  159 
Stability,  50-57 
Standard  deviations,  11,  12 
Streamline: 

isotach  analysis,  446 

low-level,  445 

upper-level,  457 
Subsurface  forecasts,  551 
Surface: 

and  subsurface  opt  ration  weather  briefings, 
475-479 

ridge  line,  satellite  depiction  of,  202 
sea,  493-497 
Swell  waves: 

angular  spreading,  517 
dispersion,  512,  517 


Techniques,  forecasting,  340 
Television  weather  systems,  616-618 
Temperature: 

device,  629 

factors,  351 

forecasting,  351-356 

gradient,  143 

humidity  index.  355 

instrument  maintenance,  593,  594 

representativeness  of  surface  temperatures, 
175 

upper  air,  21 2 

windchill,  356 
Tertiary  circulation,  70-73 
Theodolites,  597-599 
Theorem,  vorticity,  112 
Theory,  polar  front,  144 
Thermal  field,  jetstream,  114 
Thermometer,  629 
Thunderstorm: 

altimetry,  361 

checklist,  375 
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ThuiKlerstonn  -  continuud 
elft-trical  discharge,  358 
forecasting,  361 
nonirontul,  367 
•-'Mrlacc  plK-noineira,  360 
t«ir!)tiloiK-e,  357 

we:Uiier  echoes  using  PPI-scope,  561 
Time  hne.^,  320 
'lopogiapliv,  124 
Tornadoes: 

oeneral,  375 

identification  on  PPI -scope,  563 
typu«5,  3H0 

Trajectories,  constant  absolute  vorticity,  263 
Transniissometer  ftt  \N'/GMQ-10,  604-608 
Trai?mitler: 

11  r  temperature,  614 

iU:K\  point,  613 
Trend  chart  fonr  it,  319 
Troj  ical: 

analysis,  auie  seciionf?,  439 

c\  .  lones,  428 

Jorec  iSling,  !)asic  principles,  413 

phciioniena,  423 
Tropopaase,  letsireani  relatiiMisliip,  94,  95 
Irongiis: 

eiraracteristics,  244 

nons rental,  202 

>^tationary,  202 
True  altitude,  5T.S 
r%ri»"ijet  aircraft  icing,  39ft 
luri  >proi)  aircraft  icing,  399 

U 

I'nitt'd  Mate<-  weather,  37-39 
(  ppf  i: 
iii : 

analvsis,  2i2-25S 

charts,  1^3,  166 

data,  421 
f'old  tronf,  150 
contours,  202 
e:\trapol  itioiu  2l5 
level  pro<;n>?!S,  4^7 
level  ?tre.un!ine  analysis,  457 
\ ortices,  237 
W'lViu  frcn^fc,  tt'3 


V  tpor  pressure,  57 1 
\ectori.il  motion,  40-12 
Vertical: 

motion,  313 
stretching,  307 


V FR,  480 
Visibility,  420 
Vortices,  425 

Vorticity: 

absolute,  109 

and  pi"ecipitation,  314 

deepening,  290 

due  to  cun^ature,  107 

evaluation,  114-116 

measurement,  108, 109 

relative,  106-109 

theorem,  112 

trajectories,  109-112,  263 
W 

Warm  sector  troughs,  154 
Watcli  list,  645 

Water: 

content  of  the  air,  573 
vapor,  572 

Waterspouts,  381 

Wave: 

mountain,  74,  75 
ocean,  493 
properties  of,  494 
sea*  407 
Stable,  145 
tropical,  424 
unstable,  145 

Weather: 

and  clouds,  138 
Antaractic,  36,  37 
Artie,  32-36 
briefings,  473-475 
dissipation,  309 
echoes,  564 

elements  in  tropics,  414 
synopsis,  475 
television  systems,  616 
rnited  States,  37-39 

West  coast  tornadoes,  381 

Wind: 

anabatic,  72 
ballistic,  579 
basic  theory,  62 
cyclostrophic,  65 
direction  and  speed,  178 
drainage,  71 
duration  tim«. ,  501 
eddy,  72 
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INDEX 


Wind  — continued 
evaluation  of,  21 8 
field,  499 
flight  I  vel,  490 
foehn,  73 
geostrophic,  62 
glacier,  71 
jet,  73 

measuring  set,  600,  602 
shear,  144 

speed  and  spacing  of  isobars,  180,  500 
thermal,  144,  2l8 
upper,  213,  565 


World  fix)ntogenetical  zones,  133,  134 
World  weather: 

air  masses  and  fronts,  23,  31,  33 

Antarctic,  36,  37 

Artie,  32-36 

fronts,  24-26,  34 

oceanic,  27-32 

regional  circulation,  26,  27 

United  States,  37-39 

Z 

Zones,  major  frontal,  209 
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